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CHAPTER I 
INTRODUCTION AND OBJECTIVE 
Introduction 
The Central Oklahoma aquifer underlies approximately 
3,000 square miles of central Oklahoma (Figure 1) and 
consists of aquifers in the Permian bedrock units and 
overlying Quaternary-age alluvium and terrace deposits. The 
Permian-age Garber Sandstone and Wellington Formation are 
the main aquifers in the region and have been the subject of 
numerous hydrogeological and general geochemical studies. 
Higher than normal chloride levels often are present in the 
waters of the Central Oklahoma aquifer. Possible sources of 
these elevated chloride concentrations are: oil field 
brines, deeper natural saline ground waters, solution of 
natural halite, saline seeps, agricultural activities 
(primarily due to irrigation and fertilization), and road 
salts. Differentiation among these sources of chloride 
sometimes is possible using ion ratios and mixing curves of 
both major constituents and trace elements. 
1 
Figure 1. Location of the Central Oklahoma Aquifer and
 the Study 
Unit (from Parkhurst and others. 1989). 
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Objective of Study 
The main objective of this study was to determine the 
sources of the higher chloride concentrations that often are 
present in the waters of the Central Oklahoma aquifer of 
Oklahoma. This study was based on recently performed water 
analyses from 202 existing water wells. From this data set, 
42 wells were selected that exhibited relatively high 
chloride levels. Their chemical constituents and 
geochemical relationships as well as their physical and 
geographical characteristics were reviewed to determine the 
possible sources of this chloride and to establish what 
parameters are most useful in differentiating these sources. 
Due to the large amount of past and present oil 
industry activity in the area, the focus of this study will 
be placed on differentiating oil field brine contaminated 
waters from non-oil field brine contaminated waters. 
CHAPTER II 
BACKGROUND 
Description and Hydrogeology of the Study Unit 
Parkhurst and Christenson (1989) defined the Central 
Oklahoma aquifer as follows: 
The Central Oklahoma aquifer consists of those 
geologic units that yield substantial volumes of 
water to wells from the extensive, continuous 
flow system centered around Cleveland, Lincoln, 
Logan, Oklahoma, and Pottawatomie Counties. 
Ground water in this flow system originates as 
recharge from precipitation on the aquifer and 
circulates in the Quaternary-age alluvium and 
terrace deposits along major streams; the 
Permian-age Garber Sandstone and Wellington 
Formation; and the Permian-age Chase, Council 
Grove, and Admire Groups. 
Parkhurst and others (1989) referred to the Central 
Oklahoma aquifer as a study unit rather than a study area, 
since it is defined by both depth and areal extent. The 
northern and southern boundaries of the study unit are the 
Cimmarron River and the Canadian River, respectively. The 
eastern boundary is the eastern limit of the Oscar Group 
outcrop and the western boundary is approximately near the 
Oklahoma-Canadian County line where the fresh water 
circulation in the aquifer becomes negligible and the 
dissolved-solids concentrations increase to greater than 
4 
5,000 mg/L. The lower boundary of the Central Oklahoma 
aquifer is defined as the lower limit of the fresh ground 
water containing less than 5,000 mg/L dissolved solids. The 
depth to the base of the fresh ground water is approximately 
1000 feet near Midwest City. The base of the fresh ground 
water gradually becomes shallower and is approximately 100 
feet from the surface near the north, south, and east 
boundaries of the study unit. It is approximately 200 feet 
from the surface near the west boundary (Parkhurst and 
others, 1989). 
The Central Oklahoma aquifer includes Quaternary-age 
alluvium and terrace deposits and the underlying Permian-age 
bedrock units (Table 1). The Quaternary deposits overlie 
the older Permian beds as these lower beds subcrop across 
the study unit (Figure 2). The Permian unit dips uniformly 
to the west with a slope of approximately 50 feet per mile; 
the only major exception to this is the structure that is 
present over the Oklahoma City Field which shows surface 
structural relief of approximately 100 feet (Gatewood, 
1970). The source of recharge for the Central Oklahoma 
aquifer is precipitation (Bingham and Moore, 1975). The 
principal source of discharge for the Central Oklahoma 
aquifer is ground water discharge into streams. In 
addition, there is a deep, slow moving flow system that 
first flows to the west under the confining Hennessey Group 






MAJOR CHRONOSTRATIGRAPHIC UNITS AND 
ROCK-STRATIGRAPHIC UNITS 
IN CENTRAL OKLAHOMA 
System Geological Unit 
Quaternary Alluvium 
Terrace Deposits 
El Reno Group 
Hennessey Group 
Garber Sandstone 
Permian Wellington Formation 
Chase Group* 
Council Grove Group* 
Admire Group* 
Pennsylvanian Vanoss Formation 
* Collectively referred to as the "Oscar Group" 
6 
Figure 2_ Geological Map of Central Oklahoma (from Ferree and 
others. 1992. modified from Bingham and Moore. 1975. 
and Hart 1974)_ 
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Most large-capacity municipal water wells are completed 
in the Permian bedrock units of the Central Oklahoma aquifer 
and typically range from 100 to 800 feet in depth. Domestic 
water wells are completed in the bedrock, alluvium, or 
terrace deposits and are typically 30 to 150 feet in depth. 
Central Oklahoma aquifer ground water withdrawals, aside 
from domestic use, were estimated to have peaked in 1985 at 
13,900 million gallons per day. This number had declined to 
7,860 million gallons per day by 1989 (Christenson, 1992). 
The Garber Sandstone and Wellington Formation are by far the 
most significant aquifers within the Central Oklahoma 
aquifer study unit and their geology and hydrogeology have 
been reviewed in detail in numerous studies. The following 
is a brief geological review of each group which comprises 
the Central Oklahoma aquifer. 
Quaternary Alluvium and Terrace 
Deposits (Quaternary} 
The Quaternary alluvium and terrace deposits are 
located along streams and consist of lenticular beds of 
unconsolidated clay, silt, sand, and gravel. The thickness 
of the alluvium and terrace deposits ranges from 0 to 100 
feet in the study unit (Parkhurst and others, 1989). 
8 
El Reno Group (Permian) 
The El Reno Group, which crops out only in the very 
southwest corner of Oklahoma County, is the youngest 
consolidated unit in the study unit (Figure 2). TheEl Reno 
Group provides sufficient yields of water for domestic use. 
However, Parkhurst and others (1989) did not include it as 
part of the Central Oklahoma aquifer because it is separated 
from the other Permian units by the Hennessey Group which is 
considered to be a confining unit. The El Reno Group 
consists of red-brown fine grained sandstone, mudstone 
conglomerates, and shale. 
~ennessey Group (Permian) 
The Hennessey Group overlies the Garber Sandstone and 
is present in the western one-third of the study unit 
(Figure 2). It primarily consists of shale, siltstone, and 
thin beds of very fine grained sandstone. It is as thick as 
500 feet along the western edge of Oklahoma County (Carr and 
Marcher, 1977). Units within the Hennessey Group in 
descending order are the Bison Formation, Salt Plains 
Formation, Kingman Siltstone, and Fairmount Shale. Because 
of the Hennessey Group's low transmissivity, Parkhurst and 
others (1989) considered it to be a confining unit and not 
part of the Central Oklahoma aquifer. However, numerous 
shallow domestic wells have been completed in this group 
along the western edge of the study unit. 
9 
The Hennessey Group is important in this study for two 
reasons. First, the Hennessey Group dramatically affects 
water quality in the units below it. Garber Sandstone and 
Wellington Formation water wells that are completed in the 
upper parts of these units and that are overlain by the 
Hennessey Group typically show increased levels of sulfate 
and, to a lesser extent, elevated levels of other ion 
concentrations (Na+, ca++, and Cl-). These increased 
concentrations are the result of gypsum dissolution in the 
Hennessey Group (Parkhurst, 1992). Second, it appears that 
several of the water analyses from wells reported as 
producing from only the Quaternary alluvium and terrace 
deposits in the western part of the study unit are likely 
from wells that have these units commingled with units of 
the Hennessey Group. The water quality of those wells 
appears to be dramatically affected by the Hennessey Group's 
waters. 
Garber Sandstone and Wellington Formation (Permian) 
The Garber Sandstone and Wellington Formation are the 
main aquifers from the Cimarron River south to the Canadian 
River, and westward from Lincoln and Pottawatomie counties 
to the western border of Oklahoma County (Carr and Marcher, 
1977). These two units are made up of interfingering beds 
of sandstone, siltstone, shale, and mudstone. The Garber 
Sandstone and Wellington Formation have a combined maximum 
thickness of about 1600 feet. The percent of sand relative 
10 
to the total thickness of these two units varies from over 
70 percent in the area of greatest thickness and decreases 
to about 40 percent near their boundaries (Christenson, 
1992). These deposits have been interpreted to be of 
deltaic origin (Christenson, 1992). Thus, individual beds 
in these units are virtually impossible to correlate for 
more than short distances because lithologies change 
abruptly and strata are commonly lenticular. 
11 
These two units outcrop in the middle of the study unit 
(Figure 2) and can be mapped separately on the surface. 
However, they appear indistinguishable in the subsurface due 
to similar lithologies and the lack of key markers or index 
fossils. Furthermore, the two units have similar hydrologic 
properties and are hydrologically interconnected. For these 
reasons, the water-bearing unit comprising all or parts of 
the Garber Sandstone and Wellington Formation in the study 
unit is considered to be a single aquifer (Woods and Burton, 
1968) and herein is referred to as the Garber-Wellington 
aquifer. 
A Garber-Wellington aquifer water well typically has 
yields ranging from 200 to 400 gallons per minute when 
designed for maximum yield (Christenson, 1992). While this 
aquifer's properties are highly variable, the following data 
are reported in the literature: 
T~ansmissivity: 
5000 gal/day pe~ ft (Woods and Bu~ton,1968) 
3300 gal/day pe~ ft (Wicke~sham, 1979) 
Storage Coefficient (confined portion): 
2x10- 4 (Woods and Burton, 1968) 
Specific yield: 
0.2 (Ch~istenson and Rea, 1992) 
Wate~ table conditions generally exist in the upper 200 
feet of this aquifer in the area where it outcrops. 
Confined aquifer conditions generally exist below a depth of 
200 feet or where the Garber-Wellington is overlain by the 
Hennessey Group and the aquifer is fully saturated (Carr and 
Marcher, 1977). 
Another characteristic of this Permian bedrock aquifer 
is that the water is more mineralized with depth (Parkhurst 
and others, 1989). The fresh water zone overlies the 
saline water present in this aquifer. 
Chase, Council Grove, and Admire Groups (Permian) 
The Permian Chase, Council Grove, and Admire Groups are 
below the Wellington Formation. These groups are aquifers 
in the eastern half of the study unit, having a combined 
thickness of as much as 600 feet (Figure 2). These rock-
stratigraphic units are commonly referred to as the "Oscar 
Group" and a few authors have assigned these units to the 
Pennsylvanian System. However, both the USGS (Parkhurst and 
others, 1989) and the Oklahoma Geological Survey (Johnson, 
12 
1993) presently interpret these units to belong to the 
Permian System. These units consist of beds of sandstone, 
shale, and thin limestone. Wells that are completed in 
these units generally yield 10 to 100 gallons of water per 
minute (Christenson, 1992). 
Vanoss Formation (Pennsylvanian) 
The Vanoss Formation mainly consists of shale and a few 
thin, fine-grained sandstone beds. This Pennsylvanian 
formation is found along the eastern boundary of the study 
unit (Figure 2). Parkhurst and others (1989) considered it 
to be a confining unit and therefore did not include it as 
part of the Central Oklahoma aquifer, but several of the 
wells in the USGS data base were completed from this 
formation. 
Previous Geochemical Studies 
The early studies of the water chemistry in the study 
unit only dealt with the descriptive characteristics of the 
aquifer (inorganic species concentration, pH, etc.). 
Subsequently, McBride (1978) and Scott (1988) reviewed the 
hydrogeochemical processes and the ground water-rock 
interactions that result in the various identifiable ground 




McBride (1978) described the fresh water section of the 
Garber-Wellington aquifer as generally enriched either in 
ca++-Mg++-Hco3· or Nat-Hco3·, with intermediate waters locally 
high in ca++-so/ and Na+-cr·. McBride also reviewed the 
occurrences of selenium and other trace elements and their 
possible sources. Scott (1988) described four distinct 
h . 1 d f. ( H . t • + hydroc em1.ca groun water ac1.es Ca -Hco3 , Na -Hco3 , Na -
Hco3· with intermediate so/, and Na+-Hco3·;so/) in wells 
located in Cleveland County and reviewed seasonal effects on 
the saturation states of the carbonate phases using 
thermodynamics. 
Parkhurst and others (1989) conducted a water quality 
study of the Central Oklahoma aquifer using information 
available through 1987. They evaluated regional variations 
in major ion chemistry, calculated summary statistics of the 
water quality, and mapped the locations of wells from which 
samples were taken that did not meet water quality 
standards. Using analyses from 711 Central Oklahoma aquifer 
wells, they found that 7% exceeded the U.S. Environmental 
Protection Agency's SMCL (secondary maximum contaminant 
level) of 250 mg/L of chloride. They also found that the 
analyses that exceeded this SMCL were distributed equally 
among the different geohydrologic categories of the Central 
Oklahoma aquifer (i.e.: alluvium and terrace deposit wells, 
shallow Garber-Wellington wells, medium depth Garber-
Wellington wells, etc.). 
Parkhurst (1992) described the following geochemical 
observations of the Central Oklahoma aquifer: 
Generally, ca++-Mg++-Hco3- ground water is found in 
the unconfined part of the Garber Sandstone and 
Wellington Formation; Na +-HC03- ground water is 
found in the confined part of the Garber Sandstone 
and Wellington Formation and in the Chase, Council 
Grove, and Admire Groups; so4=-rich ground water 
is found in and, in places, below the Hennessey 
Group; and Nat-Cl- ground water is found below the 
fresh water throughout the study unit. 
Parkhurst (1992) stated that: 
... in many parts of the shallow, unconfined 
aquifer, ground water is undersaturated with 
dolomite and calcite.... In all other parts of 
the aquifer the ground water is saturated with 
dolomite and calcite .... 
Parkhurst (1992) also stated the predominant 
geochemical reactions that control the ground water 
compositions are the following: 
1) uptake of carbon dioxide. 
2) dissolution of dolomite and, to a lesser 
extent, calcite. 
3) cation exchange of calcium and magnesium onto 
clay minerals with the release of sodium. 
4) dissolution of gypsum. 
5) dispersion of fresh water with pre-existing 
brines. 
Parkhurst (1992) also noted that: (1) the Br-/Cl-
ratios of the natural saline ground waters of the Lower 
Garber-Wellington indicate that they are derived from 
seawater, and (2) similar Br-/Cl- ratios indicate that these 
deeper natural saline ground waters may be the source of the 
chloride in the fresh water. Christenson and Rea(1992) 
15 
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studied the USGS data base used in this report to review 
ground water quality in the Oklahoma City urban area and the 
effect of urban land use on the quality of water in the 
Central Oklahoma aquifer. They noted the following: (1) 
there was a statistically significant difference in ground 
water quality between the urban and non-urban land uses 
(Table 2), (2) the urban area analyses showed elevated 
median levels of numerous organic and inorganic 
constituents, and (3) the elevated concentrations of 
chloride could not be attributed to one single source, and 
therefore the observed contamination probably results from 
multiple sources. 
Data Base 
The data used in this report is part of a pilot study 
of the National Water-Quality Assessment (NAWQA) Program. 
The data was collected and analyzed by the USGS between 
June, 1987 and September, 1990. This data base is unique 
for it included analyses for numerous trace elements. The 
purpose, scope, sampling network design, sampling 
procedures, and quality-assurance controls all are reviewed 
in detail in the report by Ferree and others (1991). 
TABLE 2 
MEDIAN VALUES OF SELECTED COMMON CONSTITUENTS. 
NUTRIENTS, AND TRACE ELEMENTS IN SELECTED 
HYDROGEOLOGICAL UNITS 
(Modified from Christenson and Rea, 1992). 
Semolina Network 
Conat I tuenta 
and Propertlu 
Pormjgn Geologic Units Alluvi~ and 
pH (standard units) 
Oxygen, dissolved (mg/L) 
Alkalinity, total (mg/L) 
Colcl~. dissolved (mg/L) 
Mognesiun, dissolved (mg/L) 
Sodium, dissolved {mg/L) 
Potassl~. dissolved (mg/L) 
Bicarbonate, total {mg/L) 
Carbonate, total (mg/L) 
Sulfate (mg/L) 
Chloride {mg/L) 
Fluoride, dissolved (mg/L) 
Nitrite plus nitrate (mg/L) 
Arsenic, dissolved (pg/L) 
Barium, dissolved (P.g/L) 
Cadmi~. dissolved (P.o/L) 
Chromium, dissolved (pg/L) 
Copper, dissolved (po/L) 
Iron, dissolved (#g/L) 
Lead, dissolved [pg/L) 
Manganese, dissolved (pg/L) 
Mercury, dissolved (P.g/L) 
Selenium, dissolved (pg/L) 
Silver, dissolved (pg/L) 
Gross-alpha particle activity (pCI/L) 
Radon, total (pCI/L) 
Uranium, dissolved (pCI/L) 
Number of wells In network 
mg/L, milligrams per liter. 
pg/L, micrograms per liter. 





















































































































The data base consists of chemical analyses from water 
wells in four different sampling networks: a "low-density 
bedrock survey network," a "low-density alluvium and 
terrace survey network," a "targeted urban (Oklahoma City) 
survey network," and a "geochemical survey network." 
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The "low-density bedrock survey network'' was comprised of 
25 shallow wells (less than 100 feet in depth), 35 
intermediate wells (100 to 300 feet in depth), and 27 deep 
wells (greater than 300 feet in depth). The "low-density 
alluvium and terrace survey network" was comprised of 42 
wells located along fluvial systems. The "targeted urban 
survey network" was comprised of 41 wells in the urban area 
of Oklahoma City. The "geochemical survey network" was 
comprised of 37 wells that were selected due to their 
locations along suspected flow paths. Often well pairs, 
consisting of a deep well and a shallow well, were tested 
together at the same location in the "geochemical survey 
network." The locations of all of the wells in these four 
networks are shown respectively in Figures 3, 4, 5, and 6. 
With the exception of the "geochemical survey network," 
the well data was gathered with an attempt to obtain a 
random and unbiased sampling of the aquifers in these 
networks. It is important to note, however, that only wells 
that were operational with installed pumps were tested. 
Should a known water-quality problem exist in an area, it is 
unlikely that an operational well still would be present at 
19 
Figure 3. Locations of Wells Sampled in the •Low-Density 
Bedrock Survey Network• (from Ferree and 
others. 1 992). 
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that location. Therefore, there is a bias in the data 
toward wells of better water quality (lower amounts of TDS, 
chloride, so(, etc.). 
Each analysis included a large suite of categories: 
physical properties, common constituents, nutrients, trace 
elements, radionuclides, and organic constituents (Appendix 
I ) . 
Potential Sources of High Chloride Concentrations 
Richter and Kreitler (1991) interpreted that there are 
seven major sources that can cause increased chloride 
concentrations on a regional scale. These sources are: (1) 
oil field brines, (2) deeper natural saline ground waters, 
(3) solution of natural halite, (4) saline seeps, (5) 
agricultural activities of irrigation and fertilization, (6) 
road salts, and (7) sea-water intrusion. The geographic 
location of the study unit eliminates sea-water intrusion as 
a possible source for consideration in this study. 
Oil Field Brines 
Oil field brine contamination is one of the primary 
topics of concern due to the large amount of oil field 
activity that has taken place in Oklahoma. Oil and gas 
exploration has been active in Oklahoma since the first 
commercial oil well was discovered in Oklahoma in 1897 
(Oklahoma Historical Society, 1993). The largest field in 
the study unit is the Oklahoma City Field which was 
23 
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discovered by the Indian Territory Illuminating Oil Company 
and Foster Petroleum Company #1 Oklahoma City well (SE of 
Section 24-T11N-R3W) in 1928. The rapid development of this 
giant oil field, a field with recoveries in excess of 
500,000,000 barrels of oil, continued through the 1930's. 
The field eventually covered over a 32 square mile area. 
Oil field drilling and operations have continued in this 
area, and to date over 13,000 oil and gas wells have 
penetrated the Central Oklahoma aquifer (Christenson and 
Rea, 1992). 
There are numerous mechanisms by which oil field brine 
contamination can occur. Seepage from a surface waste pit, 
defective well casing, defective well plugging, water-
flooding operations, or improper brine disposal can cause 
contamination of a fresh water aquifer by oil field brines. 
During the initial period of oil exploration in Oklahoma, 
there was little regulation of the industry. Oil field 
brines commonly were spread on the land surface or placed in 
unlined surface pits. Today strict regulations are required 
to protect the fresh water aquifers. However, a large 
percentage of the wells drilled in the study unit pre-date 
these strict regulations. 
Typically, most oil field brines have high 
concentrations of chloride, sodium, calcium, and magnesium, 
and show signs of reverse softening (Na+<cl·, moles). The 
number of hydrocarbon-producing zones within the study unit 
precludes any attempt to set median chemical concentrations 
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for the waters of individual formations as over 30 zones 
were productive in the Oklahoma City Field. Combining all 
of the producing formations, Parkhurst and Christenson 
(1987) derived median concentrations for the major ions in 
brines from typical oil and gas wells in Oklahoma County 
(Table 3). In addition, eight analyses of oil field brines 
from oil and gas wells located within this region were 
acquired through the Oklahoma Geological Survey from the 
Natural Resource Information System (NRIS) data base. This 
data set contained analyses which included numerous trace 
elements (Appendix II). Graphs of each trace element versus 
chloride were done to determine if linear relationships 
existed (Appendix III). Where no linear relationship 
existed, a mean value for the data set was calculated. 
Where a linear relationship was present, a best fit line was 
constructed. From these best fit lines, estimated 
concentrations of the trace elements at chloride 
concentrations of 146,0000 mg/L were derived (Table 4). 
These values were used to determine both mixing 
relationships and geochemical processes that have occurred 
as a result of oil field brines mixing with the fresh waters 
of the Central Oklahoma aquifer. 
TABLE 3 
MEDIAN CONCENTRATIONS OF MAJOR IONS OF BRINES 
FROM OIL AND GAS WELLS IN OKLAHOMA COUNTY 
From Christenson and Rea (1992) and 
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Derived from data from NRIS data base. 
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Strontium, lithium, boron, and bromide mean values were 
derived from best fit lines on bivariate plots of the 
trace element versus chloride. See Appendixes II and 
I I I. 
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Deeper Natural Saline Ground Waters 
For this report, deeper natural saline ground water 
will refer to the natural saline ground water which 
underlies the fresh water in the Central Oklahoma aquifer 
and is defined as having greater than 5,000 mg/L of total 
dissolved solids. As described previously, the water in the 
Central Oklahoma aquifer increases in salinity with depth. 
The depth to that transition zone which separates the 
shallower fresh water from the deeper saline water varies 
from 100 to 1000 feet from the surface in the study unit. 
Contamination by the deeper natural saline ground water 
occurs because of both anthropogenic and nonanthropogenic 
activities. Pumping-induced mixing (upconing) and the 
upward migration of natural saline ground waters along 
boreholes drilled through the fresh water section into the 
saline section of the aquifer are both anthropogenic 
mechanisms by which this form of contamination can occur. 
Several analyses from shallow wells located along the 
river systems show a deterioration of water quality. This 
deterioration appears in part to be the result of the 
natural saline ground water of the Central Oklahoma aquifer 
moving upward along natural flow paths and mixing with the 
fresh water portion of the aquifer as they discharge into 
the river system (Figure 7). Analysis 163 is an example of 
this type of nonanthropogenic activity which causes elevated 
chloride levels. Analyses 163 and 165 are from two wells 
Figure 7. Relationship between Ground Water Quality and Discharge Areas 
(from Kantrowitz. 1970). 
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located near each other along the Deep Fork River. However, 
analysis 163 is from an alluvium well that is 60 feet deep, 
and analysis 165 is from a bedrock well that is 220 feet 
deep. Both analyses have very similar water compositions 
including elevated chloride levels of greater than 480 mg/1, 
indicating that locally a gaining stream system is resulting 
in the mixing of the deeper natural saline ground water with 
the shallower fresh water. 
As was done with the oil field brines, an attempt was 
made to determine a typical end member chemistry composition 
of the deeper natural saline ground water. Very little data 
is available on the chemistry of the natural saline ground 
water of the Central Oklahoma aquifer from which to assess 
the typical concentration ranges for the major ions and 
trace elements. Schlottmann and Funkhouser (1991) reported 
water sample analyses acquired through core hole data from 
two sands in the deeper part of the Garber-Wellington. The 
collection of these samples was done in a manner to prevent 
them from mixing with other waters. Therefore, these two 
samples represent the true water chemistry of these zones. 
These two analyses had TDS values of greater than 5,000 mg/L 
with very high concentrations of sodium and sulfate, 
variable amounts of chloride, and elevated levels of the 
trace elements bromide, boron, and fluorite (Table 5). 
Since these samples were taken immediately below the fresh 
water, it is assumed that these analyses represent the water 
WEI.L DEPTH COND PH 
feet 
NOTS 5 OF 3-6N-3E 131 11600 1 9 
NOTS 5 OF 3-8N-3E 183 8210 8 2 
TABLE 5 
MAJOR CONSTITUENTS AND SOME TRACE ELEMENTS OF TWO 
ANALYSES FROM CORED TEST HOLES DRILLED IN THE 
CENTRAL OKLAHOMA AQUIFER 
(Modified from Schlottrnann and Funkhouser, 1991). 
SUM 
TEMP 02 HARDNI!SS AUC OP CON Ca Mg Na K. HC03 C02 
mg/L mg 'L mg 'L mg"'L mg/L mg/L mg,L mg L mg/L mg/L 
18 . 0 0. 1 240 156 9783 29 40 310 0 7 190 0 
18 0 0 1 1 4 0 186 7442 19 22 2300 5 227 0 
TRACE ELEMENTS 
WELL p Br B Bo J.i Sr 
mg/L mg/L ug/L ug/L ug/L ug/L 
NarS 5 OF 3- 8!~- 3E 2 30 4 10 <100 7400 100 00 3600 












chemistry of the upper part of the saline water section of 
the Garber-Wellington aquifer and therefore will be used as 
representative end members. 
In addition to these core hole analyses, analyses 128 
and 159 in the USGS data base showed very unusual chemical 
characteristics when compared to the other water analyses. 
Their chemical compositions are very similar to the two 
above-mentioned core hole analyses. In addition, these 
analyses did not contain detectable tritium (less than .3 
picocuries per liter). The presence of detectable tritium 
has been used to infer that post-1952 recharge waters are 
entering a subject well (Fetter, 1980). The lack of 
detectable tritium in analyses 128 and 159 indicates that 
the waters from these two analyses have not mixed with any 
meteoric water which has entered the Central Oklahoma 
aquifer since the late 1950's-early 1960's. Though this 
does not prove that analyses 128 and 159 are representative 
of a possible end member for the natural saline ground 
water, it does signify that neither analysis is located in a 
position where active recharge is occurring. Sample 159 was 
taken from a well that is 600 feet deep, further supporting 
the possibility that the analysis could be representative of 
a natural saline ground water end member. Sample 128 was 
taken from a well that is 54 feet deep, and as such makes 
this conclusion more suspect. It should be noted, however, 
that sample 128 was taken from an alluvium well located 
along the eastern edge of the Central Oklahoma aquifer. As 
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stated earlier, near the eastern edge of the study unit the 
depth to the base of the fresh water zone is as shallow as 
100 feet. In addition, as stated earlier, there are gaining 
stream systems present in areas of the study unit that move 
the deeper natural saline ground water upward along flow 
paths near fluvial systems. These two factors could result 
in analysis 128 being a sample close in composition to the 
true end member composition. 
Though this data is limited, these four analyses are 
considered examples of natural saline ground water end 
members. The two core hole analyses are shown as such on 
all graphs. 
Solution of Natural Halite 
The solution of naturally occurring halite is a common 
cause of elevated chloride levels in aquifers. The solution 
of halite by a fresh water will produce a water with a 
somewhat predictable composition. Depending on the 
depositional history of the halite, it often will be 
associated with other chloride salts and evaporites. Halite 
dissolution brines characteristically will show Nat/Cl- and 
ca++/SO/ molar ratios that are close to unity and Br-/Cl-
weight ratios that are less than lOxl0- 4. Since the 
dissolution of halite frequently is associated with other 
evaporites, the resulting water compositions commonly have 
high SO/ /Cl- ratios. 
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Halite is common in western Oklahoma, where halite 
dissolution is indicated by salt springs and shallow saline 
ground water as documented by Leonard and Ward (1962) and 
the Oklahoma Water Resources Board (1975). However, no 
halite has been described in the study unit. 
Johnson and others (1977) summarized the requirements 
necessary for the dissolution of halite as being: (1) a 
supply of water undersaturated with respect to halite, (2) a 
deposit of salt through which or against which the fresh 
water flows, (3) an outlet that will accept the resultant 
brine, and (4) hydrostatic head to cause the flow of water 
through the system. The absence of documented halite in 
this area eliminates natural halite solution as a possible 
source of the elevated chloride levels in this study unit. 
Saline Seeps 
Saline seeps are defined by Bahis and Miller (1975) as 
"recently developed saline soils in nonirrigated areas that 
are wet some or all of the time, often with white salt 
crusts, and where crop or grass production is reduced or 
eliminated." The evaporation from a shallow water table 
causes increased levels of salinity in the ground water. 
Richter and Kreitler (1991) stated that the following 
conditions are required for the development of a saline 
seep: (1) excess percolation recharge water, (2) soluble 
soil or aquifer minerals, (3) low-permeability unit at a 
relatively shallow depth, (4) an internally drained flow 
system, and (5) evaporation. 
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Saline seep chemistry will reflect an evaporation trend 
on constituent graphs. At low salinities, the increased 
chloride levels are characterized by more constant 
constituent ratios of major ions such as Catt/Cl-, Mg++/Cl-, 
or so4"/Cl-. With increasing salinity, mineral precipitation 
will change these ratios as carbonates and sulfates begin to 
form. 
Most of the reported cases of saline seeps have been in 
the Northern Great Plains states of Montana, North Dakota, 
and South Dakota. Saline seeps also have been reported in 
the Central Rolling Red Plains of Texas. Berb and others 
(1987) described the effect of saline seeps in Harper 
County, Oklahoma. 
The study unit has higher amounts of annual 
precipitation than most areas where saline seeps have been 
documented. In addition, water tables are typically at 
depths greater than 10 feet within the study unit. These 
factors indicate that this source of elevated chloride 
levels is not a major factor in the study unit. 
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Agricultural Activities 
The contamination of ground water with chloride can be 
associated with several agricultural activities. Irrigation 
can deteriorate ground water quality in two ways. As 
discussed earlier, heavy pumpage associated with irrigation 
wells can cause the upconing of deeper natural saline ground 
waters. In addition, often the return flow associated with 
irrigation becomes concentrated in chloride by 
evapotranspiration, solution minerals, and solution of 
agricultural residues such as fertilizers, herbicides, and 
insects which are leached from the soil and then 
concentrated in the water table. Aside from irrigation, 
large feedlot operations can produce enough animal waste to 
cause elevated chloride concentrations in the ground water. 
Though irrigation and feedlot operations are present in the 
study unit, neither could be considered common practice. 
When present, they are normally small in scale when compared 
to their use in other parts of the country. 
Typically, elevated chloride levels due to agricultural 
activities are associated with increased levels of nitrate 
and, to a lesser extent, ammonia and potassium. Nitrate and 
ammonia levels were slightly higher in several of the 
analyses which showed elevated chloride concentrations 
(Figures 8a and 8b). However, these higher levels of 
nitrate and ammonia are also scattered among all of the 
analyses (Figures 9a and 9b). Christenson and Rea (1992) 
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FIGURE 3a. XY-Graph: Nittite+Nitrate vs Cl 
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calculated the median concentration levels of nitrate in the 
"targeted urban survey network" and for the shallow wells of 
the "low-density bedrock survey network" as being 2.0 and 
0.75 mg/L, respectively. The median concentration value of 
nitrate in the 42 wells in this study which showed higher 
chloride levels was 0.92 mg/L. Therefore, while 
agricultural activities might have contributed to the 
elevated chloride levels in a few cases, this source does 
not appear to be a primary one. 
Road Salts 
The dissolution of road salts is a major concern where 
the practice of de-icing roads is done for safer travel. 
Numerous cases have been reported in the northern United 
States where elevated chloride levels were attributed to the 
use of road salts. NaCl and cacl 2 are the most commonly 
used road salts. Reported compositions of road salts used 
in Oklahoma (Richter and Kreitler, 1991 and Christian and 
Rea, 1992) indicate that NaCl type road salt has been the 
only one used significantly within the study unit. 
Geochemically, brines derived from a NaCl type road salt 
would have compositions with a Nat/Cl- molar ratio close to 
unity and a low Br-/Cl- ratio. 
Table 6 shows the amount of road salt that has been 
used in each state and the reported contamination cases 




REPORTED USE* (IN TONS) OF ROAD SALTS AND 
ABRASIVES DURING 1966-67, 1981-82, AND 
1982-83 (FROM RICHTER AND KREITLER, 
1991). 
NaCI cac12 
~ lS6§::6Z lSIU::!S2 lSI52::!SJ lSfi§::fiZ Ccoxarn1oalicc 
Arkansas 1,000 2,510 856 
California 11.000 13,600 
Colorado 7,000 22,460 10,896 yes 
Connecticut 101,000 103,201 51,934 3,000 yes 
Delaware 7,000 8,913 7,053 1,000 yes 
IdahO 1,000 11,000 11,000 
IIUnois 249,000 304,184 206,000 10,000 yes 
Indiana 237,000 313,365 116,650 6,000 yes 
Iowa 54,000 64,000 60,400 2,000 
Kansas 25,000 ~5.490 31,630 2,000 
Kentucky 60,000 73,275 32,960 1,000 
Maine 99,000 51,676 49,202 1,000 yes 
Maryland 132,000 155.758 82,499 1,000 yes 
Massachusetts 190,000 262,000 178,500 6,000 yes 
Michigan 409,000 397,000 229,000 7,000 yes 
Minnesota 398,000 118,587 127,957 14,000 
Missouri 34,000 90,963 75,11 1 3,000 
Montana 4,000 2,817 3,245 
Nebraska 10,000 22,221 24,899 
Nevada 4,000 8,500 9,831 
New Ha"l)shire 118,000 138,692 93,813 yes 
New Jersey 51,000 138,692 35,700 8,000 yes 
New Mexico 7,000 16,000 23,000 
New Yor1< 472,000 443,000 300,000 5.000 yes 
North caro~na 17,000 45,26-4 36,573 2,000 yes 
North Dakota 2,000 8,222 8,719 1,000 yes 
Ohio 511,000 "01,285 18 ... 341 12,000 yes 
OkJahoma 7,000 9,300 18,770 
Oregon 1,000 458 
Pennsytvania 592,000 500,0L, 231,000 45,000 yes 
Rhode Island 47,000 56,280 29.297 1,000 yes 
South Dakota 2,000 4,345 3,697 1,000 
Texas 3,000 
Utah 28,000 79,540 79,720 
Vermont 89,000 71,904 65,647 1,000 yes 
Virginia 77,000 178,500 95,000 22,000 yes 
Washington 2,000 10,000 7,500 
West Vlrgina 55,000 90,838 52,709 9,000 yes 
Wisconsin 225,000 238,790 229,803 3,000 yes 
Wyoming 1,000 5,000 6,340 
• Stat•• not included are due to unavailability of data. 
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should be noted that there has not been a reported case of 
contamination of a fresh water aquifer in Oklahoma, Kansas, 
Missouri, Arkansas, Texas, or New Mexico due to road salt 
use. This problem has been limited primarily either to far 
northern states or to those states located in major mountain 
ranges. 
Christenson and Rea (1992) reported elevated levels of 
chloride in the urban area of Oklahoma City. However, the 
lack of correlatable patterns between major highway systems, 
wells that exhibited increased chloride levels, and Br-/Cl-
and Nat/Cl- ratios typical of road salt brines indicate that 
this source is not a major contributor to these elevated 
chloride levels in the study unit. 
CHAPTER III 
DISCUSSION 
Method of Analysis 
From the original USGS data base of 202 water wells, 42 
wells were selected to be reviewed in detail (Table 7 and 
Figure 10). These wells were selected because they showed 
signs of reverse softening which often is indicative of a 
brine mixing with a fresh water aquifer, or they exhibited 
elevated chloride concentrations. The wells selected had at 
least one of the following characteristics: 




Na+ ~ Cl- (moles) and Cl- > 85 mg/L 
Cl- > 107 mg/L (3 meq/L) 
These 42 wells became the "Work Set." The WATEVAL 
Computer Program (Hounslow and Goff, 1991) was used to 
indicate possible data analysis problems within the "Work 
Set" analyses. This program checks the data using ion 
balance equations and some general "rule of thumb" 
relationships pertaining to commonly occurring constituents. 
It also compares calculated and measured values of these 
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TABLE 7 
"Work Set" Selected for Review 
Na' ::. cl" and cl· > 85 mg/L, or cl· > 107 mg/L 
WE~L ID tJ. LOCATION COUNTY WELL# 
353915097403901 14N-05W-25 DDC 1 CANADIAN 159 
351106097155201 08N-01W-12 BCB 1 CLEVELAND 24 
351501097325301 09N-03W-18 DDA 1 CLEVELAND 38 
351729097221302 10N-02W-36 CCC 2 CLEVELAND 48 
351832097345101 lON-04W-25 CBC 1 CLEVELAND 51 
353207096583301 12N-03E-10 BAB 1 LINCOLN 128 
353938097031101 14N-02E-26 ADD 1 LINCOLN 161 
355039097041401 16N-02E-22 DAA 1 LINCOLN 191 
354605097185901 15N-01W-21 BBA 1 LOGAN 175 
354755097392001 15N-04W-05 CCC 1 LOGAN 184 
354758097295201 15N-03W-03 DDD 1 LOGAN 185 
355614097183001 17N-01W-21 ACB 1 LOGAN 204 
352433097262401 11N-02W-20 CCB 1 OKLAHOMA 66 
352527097380501 11N-04W-16 CCB 1 OKLAHOMA 72 
352531097262101 11N-02W-17 CBC 1 OKLAHOMA 73 
352535097303301 11N-03W-15 CBA 1 OKLAHOMA 74 
352541097330301 l1N-03W-18 ADC 1 OKLAHOMA 75 
352605097354801 11N-04W-14 BBA 1 OKLAHOMA 78 
352631097313101 11N-03W-09 CBA 1 OKLAHOMA 81 
352749097314101 11N-03W-04 BBB 1 OKLAHOMA 87 
352755097332002 12N-03W-31 DCC 1 OKLAHOMA 89 
352844097254001 12N-02W-29 DOC 1 OKLAHOMA 94 
352859097363501 12N-04W-27 DBC 1 OKLAHOMA 98 
352910097272501 12N-02W-30 BCC 1 OKLAHOMA 101 
352927097335801 12N-04W-25 AAD 1 OKLAHOMA 102 
353051097322001 12N-03W-17 CAA 1 OKLAHOMA 115 
353055097352201 12N-04W-14 ACD 1 OKLAHOMA 116 
353101097283701 12N-03W-14 ADD 1 OKLAHOMA 117 
353136097295101 12N-03W-10 DAC 1 OKLAHOMA 122 
353141097293001 12N-03W-14 BBA 1 OKLAHOMA 124 
353210097282401 12N-03W-12 BBA 1 OKLAHOMA 129 
353219097295801 12N-03W-03 DCD 1 OKLAHOMA 130 
353223097320501 12N-03W-05 DCA 1 OKLAHOMA 131 
353229097285301 12N-03W-02 DBD 1 OKLAHOMA 133 
353532097285601 13N-03W-23 ABO 1 OKLAHOMA 145 
353947097111501 14N-01E-27 BDA 1 OKLAHOMA 162 
353958097185001 14N-01W-28 BBA 1 OKLAHOMA 163 
354007097395401 14N-04W-19 CDD 1 OKLAHOMA 164 
354008097190901 14N-01W-20 DDD 1 OKLAHOMA 165 
352805097290101 12N-03W-35 DBC 1 OKLAHOMA 170 
350603096550801 07N-04E-07 ABA 1 POTTAWATOMIE 16 
352410097031401 11N-02E-25 BBC 1 POTTAWATOMIE 206 
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properties. All checks indicated reasonable analyses. This 
study then utilized geochemical relationships along with 
physical and geographical aspects to identify and 
differentiate among the various sources of chloride 
contamination in the study unit. Graphical techniques were 
used to illustrate chemical trends which might help to 
identify these sources. The steps involved in the analysis 
of the above data and the order in which they are reviewed 
in this study are as follows: 
Step 1: 
The first step was the development of the key graphic 
relationships. All major cations, major anions, and trace 
elements were plotted against chloride, sulfate, and bromide 
in an attempt to reveal mixing relationships that could be 
useful in determining the source of the higher chloride 
concentrations. In addition, previously published graphic 
relationships were employed to help in this differentiation. 
The graphic relationships reviewed in this paper are limited 
to those which were most significant by consistently 
differentiating among the sources and to those which 
indicated the occurrence of geochemical reactions (ion 
exchange, precipitation, and/or dissolution of minerals). 
Step 2: 
With the above information, new geochemical 
relationships were developed to assist in the determination 




The physical and geographical characteristics of each 
well were considered in this study to aid in the 
determination of the source of the high chloride 
concentration. Individual well data such as the depth of 
the well and the producing aquifer was reviewed. In 
addition, the location of the well relative to locations of 
anthropogenic sources of contamination (presence or absence 
of oil field activity, land use, etc.) also was considered. 
Major Sources Interpreted to Have Caused 
the Elevated Chloride Concentrations 
Three major sources were interpreted to have caused the 
elevated chloride concentrations in the study unit. Table 8 
summarizes the reviewed wells and the interpreted primary 
sources of their elevated chloride concentrations. All but 
two of the wells could be categorized under the following 
groups. The three major sources are: 
Oil Field Brines 
Oil field brines have mixed with the fresh waters of the 
Central Oklahoma aquifer. These oil field brine/fresh water 
mixtures will be referred to as "oil brine mixtures." 
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TABLE 8 
INTERPRETATION OF THE SOURCES OF THE ELEVATED 
CHLORIDE CONCENTRATIONS IN THE 
"WORK SET" WELLS 
WELLS SOURCE cl·- ( mg/ L) 
73 OIL BRINE MIXTURE 1800 
74 OIL BRINE MIXTURE 1500 
94 OIL BRINE MIXTURE 380 
122 OIL BRINE MIXTURE 200 
66 OIL BRINE MIXTURE 170 
124 OIL BRINE MIXTURE 170 
81 OIL BRINE MIXTURE 140 
130 OIL BRINE MIXTURE 100 
165 NATURAL SALINE MIXTURE -"A" 590 
163 NATURAL SALINE MIXTURE -"A" 480 
24 NATURAL SALINE MIXTURE -"A" 450 
38 NATURAL SALINE MIXTURE -"A" 330 
161 NATURAL SALINE MIXTURE -"A" 280 
48 NATURAL SALINE MIXTURE -"A" 200 
131 NATURAL SALINE MIXTURE -"A" 200 
145 NATURAL SALINE MIXTURE -"A" 190 
175 NATURAL SALINE MIXTURE -"A" 170 
206 NATURAL SALINE MIXTURE -"A" 140 
115 NATURAL SALINE MIXTURE -"A" 130 
162 NATURAL SALINE MIXTURE -"A" 120 
159 NATURAL SALINE MIXTURE -"B" 230 
128 NATURAL SALINE MIXTURE -"B" 220 
191 NATURAL SALINE MIXTURE -"B" 190 
185 NATURAL SALINE MIXTURE -"B" 120 
170 HENNESSEY WATER 450 
72 HENNESSEY WATER 290 
184 HENNESSEY WATER 280 
117 HENNESSEY WATER 280 
89 HENNESSEY WATER 260 
87 HENNESSEY WATER 230 
78 HENNESSEY WATER 230 
101 HENNESSEY WATER 160 
116 HENNESSEY WATER 140 
102 HENNESSEY WATER 130 
164 HENNESSEY WATER 130 
133 HENNESSEY WATER 130 
129 HENNESSEY WATER 130 
51 HENNESSEY WATER 120 
75 HENNESSEY WATER 110 
98 HENNESSEY WATER 96 
16 UNKNOWN SOURCE 340 
204 UNKNOWN SOURCE 160 
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Deeper Natural Saline Ground Waters 
Deeper natural saline ground waters have mixed with the 
fresh water of the Central Oklahoma aquifer. These natural 
saline ground water/fresh water mixtures will be referred to 
as "natural saline mixtures." The compositions of the 
natural saline mixtures vary from a high saline water with 
minor sulfate to a high Nat -so4 = saline water with minor 
chloride. The end member analyses reviewed in the Deeper 
Natural Saline Ground Waters section (page 27) of this 
report appear to be representative of the high Na+-so/ 
variety. No end member analysis from the high Na+-cl-
variety could be located. 
These natural saline ground water/fresh water mixtures 
will be referred to as "natural saline mixture 'A"' for 
those mixtures that result in the a high Na+-cl- saline 
water, and as "natural saline mixture 'B"' , for those 
mixtures that result in the high Na+-so/ saline water. 
Hennessey Group - Associated Waters 
Some of the increased chloride levels detected in the 
analyses are related to the presence of the Hennessey Group. 
Shallow wells which are completed in the upper part of the 
Central Oklahoma aquifer where the Hennessey Group is 
present typically show increased levels of sulfate which has 
been interpreted to be the result of the dissolution of the 
gypsum existing in the Hennessey (Parkhurst, 1992). 
Increases in chloride concentrations to levels ranging in 
value from 120 to 230 mg/L often are associated with this 
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sulfate. Waters with increased chloride concentrations due 
to their association with the Hennessey Group will be 
referred to as "Hennessey waters." 
Parkhurst and others (1989) used the SMCL (a concen-
tration of chloride equal to or greater than 250 mg/L) to 
check for a statistical correlation between increased 
chloride concentrations and different geohydrologic units of 
the Central Oklahoma aquifer. Since the elevated chloride 
concentrations detected in the Hennessey waters in this area 
are typically less than 250 mg/L, they did not observe any 
statistical correlation. 
The possible origin of the chloride in the Hennessey-
associated chloride waters are reviewed in a later section. 
Graphic Relationships 
The following graphic relationships proved to be the 
most significant in consistently differentiating among the 
various sources of the elevated chloride concentrations in 
the waters of the Central Oklahoma aquifer. Several 
relationships suggest that ion exchange and/or precipitation 
has occurred in these waters; these relationships are noted 
in each graph's individual review and are discussed in 
detail in the Geochemical Reaction Processes section of this 
report. 
Br versus Cl 
Figures 11a and 11b 
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The importance of Br-/Cl- ratios in the evaluation of 
brine sources has been well documented (Whittemore, 1988; 
Whittemore and others, 1979; Richter and Kreitler, 1991). 
Next to chloride, dissolved bromide generally is considered 
to be the most conservative of natural inorganic 
constituents in water. Oxidation-reduction reactions, 
adsorption on mineral surfaces, and precipitation of 
minerals appreciably do not affect its concentration in most 
ground waters. 
A general linear relationship between Br- and Cl- existed 
in all of the analyses. Because of this linear 
relationship, a graph of any constituent against chloride 
shows the same general trend as if the constituent were 
plotted against bromide (ie: the Na+ versus Cl graph shows 
the same relationship as the NaT versus Br- graph). 
Therefore, no other graphs using only bromide as an axis are 
reviewed in this study. 
Whittemore (1988) showed that significant differences in 
Br-/Cl- ratios exist between most halite-solution brines and 
oil field brines (Figure 11a), allowing for the generation 
of site-specific mixing curves for the local oil field 
brines and the natural saline brines. One limitation of 
this method is that high concentrations of chloride are 
required to differentiate among the sources. 
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The method described by Whittemore (1988) was used to 
examine the different potential sources of elevated chloride 
in the study unit by using a Br-/Cl- x 10000 (weight ratio) 
versus Cl (mg/L) mixing curve (Figure 11b). Trend A is the 
site-specific mixing curve for a typical oil field brine and 
fresh water of the Central Oklahoma aquifer. Water analyses 
from wells 73 and 74 graph as "classic" oil brine mixtures 
along this curve. The remaining analyses have chloride 
concentrations that are too low to conclusively provide any 
indication of their source. However, the analyses which 
have been interpreted to be examples of oil brine mixtures 
by other relationships described in this paper all plot in 
the correct region of the graph. 
It is interesting to note that Morton (1986), in an 
evaluation of oil brine contamination in east central 
Oklahoma, found that Br-/Cl- weight ratios of approximately 
48 x 10000 were indicative of oil brine mixtures in that part 
of the state. The interpreted oil brine mixtures of the 
"Work Set" analyses all have weight ratios near this value. 
Trends B and c in Figure 11b are site-specific mixing 
curves for the natural saline mixtures "B" and a typical 
halite-solution brine, respectively. 
weight ratios of the natural saline mixture "B" end members 
do not support a halite-solution brine origin. 
As stated above, the remaining water analyses in the 
"Work Set" have chloride concentrations that are too low 
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to conclusively determine their chloride source by using 
this method. However, this graph indicates that at higher 
levels of chloride (Cl- > 1000 mgiL), the differentiation of 
oil brine mixtures from the other elevated chloride waters 
should be possible. 
Nat Versus Cl-
Figures 12a and 12b 
Oil field brines and halite-solution brines typically 
will show strong linear relationships between sodium and 
chloride concentrations on a graph. Leonard and Ward (1962) 
reviewed oil field brines from Oklahoma, Kansas, and Texas 
and found that a Na+ICl- (mgiL) ratio of about 0.5 was 
indicative of those brines. The oil field brines from wells 
in Oklahoma County conform to this relationship (Table 3). 
Morton (1986), in evaluating oil field contamination in 
east-central Oklahoma, reported that Na+lcl- (mgiL) ratios 
of approximately 0.46 were characteristic of those oil brine 
mixtures. A solution of pure halite will result in a 
N a+ I C 1 - weight rat i o of 0 . 6 4 8 ( mg I L ) . 
The Figure 12a (Nat vs Cl-) illustrates that all of the 
interpreted sources show linear relationships between sodium 
and chloride. In addition, the graph shows that oil brine 
mixtures typically have lower Na+/Cl- ratios (averaging 0.3 
mgiL) than the other sources. 
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The Figure 12b (Nat/Cl-(Moles) vs Cl.) incorporates the 
same data but displays it in a different format. This graph 
clearly shows the effects of reverse softening on the oil 
field brine and the oil brine mixtures. 
Both graphs show that the oil brine mixtures and natural 
saline mixtures "B" have Na+ /Cl- ratios 1 ess than those of 
their interpreted end members. Assuming no secondary 
sources of chloride are present, these relationships 
indicate that sodium is being removed from the aquifer as 
mixing occurs. 
Nat versus so = 4 
Figure 13 
This graph also does an excellent job of distinguishing 
among the chloride sources. The oil brine mixtures are 
characterized by high Na+/SO/ ratios with low sulfate 
concentrations (less than 20 mg/L). The natural saline 
mixtures "A" have intermediate Nat/SO/ ratios with sulfate 
ranging from 20 to 200 mg/L. The Hennessey waters and the 
natural saline mixtures "B" have the lowest Na+;so4= ratios 
with the highest sulfate concentrations (generally greater 
than 100 mg/L). At low sulfate concentrations (less than 
100 mg/L), an excellent linear relationship is exhibited 
between sodium and sulfate for the natural saline mixtures 
"A." At higher so4= concentrations, the linear trend 
curves, suggesting that ion exchange, precipitation, and/or 
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dissolution is occurring in the natural saline mixtures "A" 
and changing the concentration of either sodium or sulfate. 
SO- versus Cl-4 
Figures 14a and 14b 
Typically, oil field brines have low sulfate 
concentrations relative to chloride. The oil field brines 
from wells in Oklahoma County conform to this relationship 
(Table 3). Mast (1982) used this relationship to plot 
theoretical mixing curves for a fresh water potentially 
mixing with both a typical oil field brine and a lower 
natural saline brine in Kansas. Mast's theoretical mixing 
curve of fresh water and the Kansas oil brine is shown on 
Figure 14a. The USGS data plotted on this graph shows a 
trend plotting in a similar fashion to what Mast had 
projected for an oil field brine/fresh water mixture plot. 
A comparison of this graph against the Br./Cl- mixing curve 
indicates that in addition to water analyses from wells 73 
and 74, water analyses from wells 94, 122, 66, and 130 
likely are examples of a fresh water aquifer that has been 
mixed with an oil field brine. Thus, assuming that no 
secondary source of sulfate is present, the SO/ versus Cl-
graph allows for the determination of oil brine mixtures 
when the chloride levels are too low to utilize the Br-/Cl-
method. 
In addition, one of the most obvious geochemical 
differences between natural saline mixtures "A" and other 
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sources of increased chloride concentrations is illustrated 
on Figure 14a. Both the Hennessey waters and the natural 
saline mixtures "B" have high levels of sulfate and only 
slightly elevated chloride levels. The natural saline 
mixtures "A" have similar chloride levels and only slightly 
elevated sulfate levels. 
The Figure 14b [SO/ I ( Cl- + SO/) vs Cl-] incorporates the 
same data in a different format. This graph dramatically 
separates the oil brine mixtures and natural saline mixtures 
"A" from the natural saline mixtures "B" and Hennessey water 
groups. 
Both graphs show that the so4=;cl- ratios are lower in 
the natural saline mixtures "B" than in their interpreted 
end members. Assuming no secondary sources of chloride are 
present, this decrease in sulfate suggests that it is being 
removed in the natural saline water mixtures "B." This same 
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This relationship can be utilized for the separation of 
oil brine mixtures, Hennessey waters, and natural saline 
mixtures "B." Oil brine mixtures have ca++/SO/ ratios of 
greater than 1 due to their low concentrations of sulfate. 
The Hennessey waters show a linear relationship between 
calcium and sulfate. This linear relationship suggests that 
dissolution of gypsum is the source of the sulfate. Their 
average ca++;so/ (mg/L) ratio of 0.6 is only slightly above 
unity (0.41 mg/L) which further supports this conclusion. 
Typically, both the oil brine mixtures and the natural 
saline mixtures "B" have ratios greater than those observed 
in their end members. These increased ratios suggest that 
either calcium is being added to the solutions or sulfate is 
being removed from the solutions when their sources are 
mixed with the fresh waters of the Central Oklahoma aquifer. 
s 3+ versus Cl-
Figure 16 
This graph shows that a lack of boron is indicative of 
an oil brine mixture in this area. Both natural saline 
mixtures "A" and "B" show elevated levels of boron. The 
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Ba++ versus Cl- and Batt versus so4 ~ 
Figures 17a and 17b 
The Ba .. versus Cl- graph (Figure 17a) shows that 
increased levels of barium are present in the oil brine 
mixtures. These elevated barium levels are greater than the 
levels that would be expected from mixing a typical oil 
field brine with a fresh water. Assuming no secondary 
sources of chloride are present, these increased barium 
concentrations suggest that either: (1) the estimate of 
barium in the end member is incorrect or (2) a secondary 
source of this trace element is present. Possible secondary 
sources of barium are drilling muds, ion exchange, or the 
dissolution of minerals. Fairchild and Knox (1985) 
reported the results of an in-depth study of the 
environmental implication of offsite disposal pits for 
drilling fluid waste at a site in Oklahoma. In that study, 
the water in the disposal pit had barium and chloride 
concentrations as high as 195 mg/L and 1,103 mg/L, 
respectively. 
The Batt versus so4- curve (Figure 17b) shows a good 
separation of the oil brine mixtures from the other 
mixtures. This graph also shows a linear relationship 
between increasing sulfate and decreasing barium for the 
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This graph illustrates that higher strontium 
concentrations are related to increases in sulfate 
concentrations. It appears that the strontium is being 
released into solution with gypsum dissolution. Therefore, 
increases in strontium and sulfate concentrations with a 
slight increase in chloride levels is characteristic of the 
Hennessey waters. 
Li + versus SO -4 
Figure 19 
Lithium is a conservative element often used in salinity 
studies. However, plotting Lit versus Cl- failed to show 
any useful relationships. The Li + versus so4 = graph shows a 
linear relationship between lithium and sulfate in the 
Hennessey waters group. The other sources of elevated 


















FIGURE 18. XY- Grap~: Sr vs S04 
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Other Important Relationships 
Multiple Component Plots 
Figures 20, 21, 22a, 22b, 23a, 23b, and 24 
Graphically plotting multiple components has long been 
used to differentiate waters based on chemistry. When end 
member water compositions are available, these types of 
multiple component plots are useful in determining a source 
of contamination in a sample. Nativ (1988) used this 
concept to differentiate between contamination caused by a 
saline lake water and an oil field brine in the Ogallala in 
Texas and New Mexico. 
A line graph was created for each of the interpreted 
waters. In Figure 20, the line graphs show good 
correlations between both the mean oil brine mixture and the 
mean natural saline mixture "B" and their interpreted end 
members. 
In addition, piper diagrams showing all of the interpreted 
water analyses were created (Figures 21, 22a, 22b, 23a, and 
23b). By comparing concentrations of the major ions, a piper 
diagram illustrates the relative percentage of each major ion 
in a sample. The piper diagram shows the linear trends which 
are indicative of ion exchange and mixing relationships. 
Stiff diagrams (Figure 24) also are provided for all of 
the interpreted water analyses with chloride concentrations 
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Figure 21. Piper Diagram 
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Figure 22a. Piper Diagram - Oil Brine Mixtures 
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Hounslow and Goff (1991) used the graphic relationship 
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illustrated in Figure 25 to aid in determining the origin of 
brines. Since oil field brines typically are low in sulfate 
relative to calcium and low in sodium versus chloride, an 
oil brine mixture normally will plot in the top left corner 
of the graph. Molar ratios near unity for ca++/(Catt+SO/) 
versus Na+/(Na++Cl-) suggest a halite-solution source for a 
brine. As anticipated, the oil brine mixtures plot in the 
top left corner of the graph. The natural saline mixtures 
"A" and Hennessey waters plot roughly in the area where a 
halite-solution brine would plot. 
Richter and Kreitler (1986 a,b) used a similar graphic 
relationship shown in Figure 26. This graph incorporates 
magnesium into a molar relationship with sulfate. As in 
the above graph, the oil brine mixtures plot in the top left 
corner of the graph. Molar ratios using (Cat++MgH)/SO/ 
versus Na+/Cl- are close to unity for both natural saline 
mixtures "A" and Hennessey waters and again suggest a 
possible halite-solution source for those brines. 
FIGURE 2-5_ XY-Sraph: Ca/(Ca-s-804} '-''S Na/(Na+CI) 
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Additional Graphic Relationships Derived to 
Determine Oil Field Brine Contamination 
Based on the above graphical analyses and data, new 
methods were derived using multiple component plots to aid 
in the determination of the sources of the elevated chloride 
levels in this area. These derived methods combine 
previously discussed bivariate plots to produce more direct 
methods to differentiate among these sources. 
~r-/~~= versus Cl 
Figure 27 
This derived graphic method appears to be one of the 
simplest and most accurate methods to quickly evaluate if an 
oil brine has mixed with a fresh water of the Central 
Oklahoma aquifer. This mixing relationship utilizes the 
fact that oil brines are high in bromide and low in sulfate 
concentrations relative to the other chloride sources in 
this study unit. A good linear relationship is reflected by 
the oil brine mixtures which allows for the separation of 
these waters from the non-oil brine mixtures. This mixing 
curve relationship appears to delineate chlorides derived 
from oil brine contamination from non-oil brine 
contamination at very low concentrations of chlorides, and 
therefore could prove to be more useful than the Br-/Cl-
versus Cl mixing curve (page 50). 
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Br-/so4= versus so4=1cr 
Figure 28 
This graph incorporates the previously discussed 
relationships illustrated in the Br versus Cl and SO/ 
versus Cl- graphs. This new graph successfully separates 
the various interpreted sources of the elevated chloride 
levels in this area. 
Nat /Cl- versus so4= /Cl-
Figure 29 
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Due to the apparent reverse softening which has occurred 
in the oil brine mixtures (Nat < Cl-) and their very low 
sulfate concentrations, the oil brine mixtures plot in the 
bottom left corner of this graph. The lower linear trend is 
made up of primarily Hennessey water analyses. The upper 
linear trend is comprised of wells associated with natural 
saline mixtures. The difference in these two trends is a 
function of the natural saline mixtures having a much larger 
percentage of non-halite sodium (Na+/Na++Cl-) relative to 
sulfate concentrations than found in the Hennessey waters. 
ca++ /so4= versus SO/ /Cl-
Figure 30 
This new graph successfully separates the various 
interpreted sources of the elevated chloride levels in this 
area. All of the interpreted oil brine mixtures plot in the 
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upper left corner of this graph due to their low sulfate 
concentrations as well as their low sulfate relative to 
calcium ratios. 
Physical and Geographical Characteristics 
of the Sources 
The physical and geographical characteristics of each 
well were considered in this study to aid in the 
determination of the source of the elevated chloride 
concentration. 
Oil Brine Mixtures 
11 
All of the wells which geochemically indicated 
contamination from oil field brines are associated with old 
oil field activity. Figure 31 shows the locations of these 
wells relative to oil field activities. 
Well 74 is located in the central portion of the 
original Oklahoma City Field. Wells 73, 94, 122, 124, 66, 
and 81 are adjacent to the Oklahoma City Field and lie in 
the interpreted flow paths of the ground water that is 
moving away from the oil field area (Figure 32). 
Well 130 appears to reflect contamination from oil field 
activity which had taken place in the Nichols Hills area of 
Oklahoma County. Harrington and Simpson (1988) made 
reference to higher levels of chloride present in the 
unconfined section of the Garber-Wellington aquifer in the 
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Figure 31. Oklahoma Ci1y Field and Interpreted Wells with Oil Brine Mixtures 
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area around Sections 3 and 4 of Tl2N-R3W, and had 
interpreted this increase to be the result of a brine plume 
caused by oil field contamination. 
The fact that the analyses interpreted to be oil brine 
mixtures by geochemical relationships are from wells located 
in or in close proximity to an old "Giant Oil Field" further 
supports the conclusion that the higher chloride levels 
observed in these wells are likely the result of oil field 
activity. 
All of the interpreted oil brine mixtures are from wells 
completed from depths of less than 200 feet and therefore it 
is unlikely that the upconing of deeper natural saline 
ground waters is present (Figure 33). In addition, with the 
exception of well 94, these wells are not located next to 
fluvial systems, thus eliminating the possibility that these 
elevated chloride levels are caused by the natural upflow 
associated with a gaining stream system. 
Natural Saline Mixtures 
Approximately half of the analyses interpreted 
geochemically to be natural saline mixtures are producing 
from wells with depths of greater than 200 feet (Figure 33). 
These analyses are the result of upconing of the deeper 
natural saline ground water of the aquifer. This is 
independent of whether the Hennessey Group is present or 
absent. 
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FIGURE 33_ Bar Graph: Depth of Y../ell vs Interpreted 
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The remaining analyses interpreted geochemically to be 
natural saline mixtures are from wells located in the 
alluvium and terrace deposits or are from shallow wells 
located in the bedrock aquifer near major streams. As 
described earlier, there is a relationship between ground 
water quality and discharge areas. The upward flow path of 
deeper aquifer waters and their subsequent mixing with the 
shallower waters increases chloride levels in active 
discharge areas. This appears to be the case for these 
shallow wells, where the natural ground water flow in a 
gaining stream system is causing the deeper, more saline 
water to migrate upward, resulting in elevated chloride 
levels. 
Hennessey Waters 
All of the wells thought to reflect Hennessey waters are 
located in the western portion of the study unit. These 
wells have the Hennessey Group present in the area or are 
located along the truncation of the Hennessey Group (Figure 
34). These characteristically are shallow wells, with 10 
out of the 12 being less than or equal to 100 feet in depth. 





<Gi ,)Oi:,. CF!<. (S!JE 0'1!4 A.,,. 
:!lil,)Oi:,. rNl D:!lllli<O>CNJ,!JE 
, .. • 
2 ALLW~~ D£POSP .-:1.1..5 
._. TERR..C£ DI!:PO'!ill Wfi..I.S 
• !io"W,.L..Oiol OI[PT;o QNtKill-
loELLINGTQfoi WE .. l ... (tlOO f"[£Tl 
• JMff:RI'€0 !AH O('#>l"i-1 GotiRII(JI 
-loolti._L_I~T~ I.EL.LS ( 100-»0 ,.£[1) 
• D[£P (i,ollllfl( .. 






16N a ••• l 
0......-rft.AL OKLAHO._,.A AQUtr ... 
GE~~ALIZ6D G~OLOdZCAL ~ 
~ZTH •wORK ~ET- ~L~S 
(-. ..aitl ... Pf'- ., .................. IW"a) 
....... 








Other Miscellaneous Relationships 
Abandoned Oil Field Surface Waste Pits 
Well 73 is potentially different from the other oil 
field brine contaminated wells. This well is only 52 feet 
deep; this shallow depth indicates that a high concentration 
of chloride is present immediately at the top of the fresh 
water aquifer. 
A similar situation was reported in the Valley Brook 
city water well that is approximately 3 miles southeast of 
this well (personal communication with Christenson, 1992). 
The Valley Brook city well produced from the deeper, 
confined section of the Garber-Wellington Formation. This 
well showed a sudden increase in chloride concentration. It 
was discovered that the increased salinity was the result of 
a hole which had developed in the casing near the top of the 
fresh water zone within the unconfined section of the 
aquifer. As in well 73, higher amounts of chloride were 
present near the top of the aquifer. 
Both of these wells are located in the center of the old 
Oklahoma City Field. The use of surface waste pits for the 
disposal of drilling mud and brine was common during the 
field's early development. The presence of a brine zone 
near the surface of the water table suggests that this 
higher level of chloride could be the result of an abandoned 
surface waste pit located in the immediate area. The high 
barium value associated with well 73 could be the result of 
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dri 11 ing muds (Refer to Ba++ versus Cl- section, page 61) . 
Additionally, barium could enter the ground water through 
ion exchange or dissolution of minerals as the oil brine 
leaching from the pit moved through the vadose zone. 
Tritium and Fluoride 
Figures 35a and 35b 
The presence of detectable tritium has been used to 
infer that post-1952 recharge waters are entering a subject 
well (Fetter, 1988). Figure 35a shows the relationship 
between the absence of detectable tritium and elevated 
fluoride concentrations in the "Work Set" data. Figure 35b 
shows all of the analyses in the original data base (202 
analyses) that have high fluoride concentrations (>2 mg/L). 
All of the analyses with high fluoride concentrations (>2 
mg/L) lack detectable levels of tritium. Therefore, if 
tritium data is not available, a high fluoride concentration 
could be used to infer that no post-1952 recharge waters are 
present in this portion of the Central Oklahoma aquifer. 
Summary Flow Chart 
A detailed flow chart (Figure 36) was created to offer 
a workable procedure for determining the possible source of 
an elevated chloride concentration in a water from the 
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FIGURE 35b. Bar Graph: Fluoride and Tritium 
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were interpreted to be the more diagnostic geochemical 
relationships, as well as physical and geographical 
characteristics studied in this thesis. Since most water 
analyses do not include the numerous trace elements that 
were available in this study, the main body of the flow 
chart was limited to the use of major constituents. 
However, the availability of trace element data greatly 
improves one's interpretation. This is especially true in 
the western part of the study unit where the Hennessey 
Formation will cause elevated sulfate levels. In this case, 
trace element data provides information that is useful for 
an interpretation. 
Geochemical Reaction Processes 
Several of the previous graphs indicate that ion 
exchange and/or the precipitation or dissolution of minerals 
possibly occurred in the oil brine mixtures and the natural 
saline mixtures "B." 
It is assumed that no significant secondary sources of 
chloride are present in the analyses. The possibility of 
additional chloride derived from halite dissolution 
(naturally occurring halite or NaCl road salt) being a 
secondary source is eliminated by the very low Na+/Cl-
ratios present in the analyses. Mixing with a halite 
solution would derive a mixture with a Na+/Cl- ratio closer 
to unity. Non-halite salts (KCl and cacl 2) are commonly 
used in oil field completion practices such as cementing and 
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loading casing. However, the analyses are too uniform in 
chemical composition over a large areal extent for this to 
be a likely secondary source. Therefore, in the following 
discussion, it is assumed that no secondary source of 
chloride is present. 
Ion Exchange 
Under certain conditions in an aqueous solution, ions 
attracted to a solid surface may be exchanged for the 
solid's ions. This process is known as ion exchange. 
Divalent ions are more strongly bonded and tend to replace 
monovalent ions (Fetter, 1988). A generalized ordering of 
cation exchangeability for common ions in ground water is: 
Nat > Kt > Mgt+ > Cat+ 
In the process of natural softening, the following 
illustration commonly is used to show the loss of calcium in 
the solution and the release of sodium: 
(2Na'clay) + (caH) --> (ca++clay) + (2Na') "natural softening" 
However, it is a reversible reaction and at high ion 
strengths, the monovalent ions can replace divalent ions. 
An example of this process, referred to as reverse 
softening, can be found in home water softeners. 
Regeneration is accomplished by passing a concentrated NaCl 
solution through the system and the typical ion exchange 
process is reversed (Krauskopf, 1970). 
The equilibrium of the softening process may be 
displaced in one direction or the other by a change in the 
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relative concentrations of sodium and calcium: 
(2Na 1 Clay) + (Ca++) <---> (2Nat) + (Cat+Clay) 
------> natural softening 
<----- reverse softening 
The Na' versus Cl- graphs (Figures 12a and 12b) show that 
both the oil brine mixtures and natural saline mixtures "B" 
have less sodium relative to chloride than their respective 
end members. This indicates that sodium has been removed 
from these solutions by reverse ion exchange. Reverse ion 
exchange is common in oil field brines (Collins, 1975). It 
also has been documented in the advancing fronts of salt-
water intrusions (Richter and Kreitler, 1991, and Poland and 
others, 1959) and, under certain conditions, it can occur in 
irrigated areas (Hem, 1989). It seems logical that when the 
sodium-rich oil field brines and the deeper natural saline 
waters "B" enter the low sodium fresh waters, natural 
softening could cease and reverse softening could occur. 
Precipitation of Gypsum, Anhydrite, and Barite 
The so4- versus Cl- graphs (Figures 14a and 14b) show a 
decrease in the SO//Cl- ratio in both the oil brine mixtures 
and the natural saline mixtures "B" when compared to their 
end members. This decrease could be the result of gypsum 
(Caso4.2H2o), anhydrite (Caso4), or barite (Baso4) 
precipitation. Past work has shown that the Central 
Oklahoma aquifer is undersaturated with respect to gypsum 
and anhydrite, while calcite, aragonite, and dolomite 
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concentrations vary from supersaturated to undersaturated 
(Parkhurst, 1992, and Scott, 1985). WATEQF, a computer 
program which calculates chemical equilibria, was used to 
calculate the saturation indices for various mineral 
species. The subject analyses conform to this previous 
work. However, these calculated saturation indices are not 
reflective of the conditions at the point of mixing. 
The occurrence of either of the following two processes 
could change the equilibrium of the aquifer. First, the 
dilution of NaCl-rich oil brine or NaCl-rich deeper natural 
saline ground water "B" will reduce the ionic strength of 
the solution and therefore reduce the solubility of gypsum, 
anhydrite, and barite in the solution. Figure 37 
illustrates how the solubility of gypsum is greatly reduced 
by lowering ionic strength (Freeze and Cherry, 1979). 
Second, reverse softening could appreciably increase the 
concentration of calcium in the mixture and result in 
increased saturation indices for gypsum and anhydrite. 
Thus, by mixing an oil field brine or deeper natural saline 
ground water "B" with the fresh water aquifer, the mixed 
waters could possibly become saturated in respect to either 
gypsum, anhydrite, or barite near the point of mixing. This 
would allow for the removal of sulfate and calcium or barite 
from solution through precipitation and account for the loss 
of sulfate relative to chloride in these mixtures. 
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Figure 37 _ Solubility of Gypsum in Aqueous Solutions of 
Different NaCI Concentrations 
(from Freeze and Cherry, 1979) 
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t t -The XY Graph of Ca vs so4· (Figure 15) has a good 
curvilinear trend exhibited by the natural saline mixtures 
"A" analyses at high sulfate concentrations. The natural 
saline mixtures "A" analyses curve toward the end members 
for the natural saline mixtures "B". If, in fact, gypsum 
and/or anhydrite is precipitating out as described in the 
above situations, the curvilinear trend could suggest that 
the end member for the natural saline mixtures "A" could 
have a composition very similar to deeper natural saline "B" 
ground water but with the high concentration of sulfate 
subsequently removed upon mixing by the precipitation of 
gypsum and/or anhydrite. 
Sources of the Chloride Associated 
with the Hennessey Group 
Due to a maximum chloride concentration of only 450 mg/L 
in these Hennessey water analyses, the origin of the 
elevated chloride levels in the Hennessey-associated waters 
could not be conclusively concluded. A review of the land 
surface at many of the wells producing Hennessey waters did 
not yield any obvious anthropogenic origin for this 
chloride. Nitrate and ammonia were slightly higher in 
several of these wells, suggesting that fertilization could 
have contributed in part to these higher chloride levels. 
However, a very consistent pattern exists between the 
production of ground waters from the Salt Plains Formation, 
Kingman Siltstone, and Fairmount Shale units of the 
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Hennessey Group and increased chloride levels (Figure 34). 
These units are described regionally as containing shale, 
siltstone, and some fine grained sandstone (Bingham and 
Moore, 1975). The beds within these units have very low 
transmissivities and are laterally discontinuous. The 
stratigraphically equivalent members of these units are 
known to contain halite approximately 50 miles west of the 
study unit (Johnson and others, 1989). In addition, Jordan 
and Vosburo (1962) described a very salty shale in the lower 
section of the Permian in Blaine County located immediately 
to the west of this area. 
As discussed in the "Solution of Natural Halite" 
section of this study, no halite has been described in the 
study unit. Therefore, it appears that these higher 
salinities could be the result of a remnant halite solution 
brine, the dissolution of scattered pockets of halite, or 
the dissolution of interstitial halite that is present in 
the shale and siltstone. A more detailed study would be 
required to identify the source of the chloride in the 




Three major chloride sources were interpreted to have 
caused the elevated chloride concentrations in the waters of 
the Central Oklahoma aquifer. The three major sources are: 
Oil Field Brines 
It was interpreted that oil field brines have mixed with 
the fresh waters of the Central Oklahoma aquifer. These oil 
field brine/fresh water mixtures, referred to as "oil brine 
mixtures," exhibit the following characteristics in the 
study unit: 
• At high Cl- concentrations (>500 mg/L), site specific 
Br-/Cl- versus Cl- mixing curves can be used to identify oil 
field brine contam~nation (Page 50) 
• At low Cl- concentrations (<500 mg/L), Br- /SO/ versus Cl-
mixing curves can be used to identify oil field brine 
contamination (Page 74) 
• Have low Na+/Cl- weight ratios (<.5) (Page 53) 
• Have low SO//Cl- weight ratios (<.12) (Page 58) 
• Have high ca++/SO/ weight ratios (>4.6) (Page 60) 
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CONCLUSION 1 (continued): 
• Frequently have low concentrations of 
boron (<200 ~g/L) (Page 60) 
• Frequently have high concentrations of 
barium (>500 ~g/L) (Page 62) 
• Wells are located near oil field activity 
Deeper Natural Saline Ground Waters 
It was 1nterpreted that deeper natural saline ground 
waters have mixed w1th the fresh waters of tne Central 
Oklahoma aqu1fer. These deeper natural saline ground 
water/fresh water mixtures were subdivided into: 
- A high Na'-cl- saline water, referred to as "natural 
saline mixture 'A,'" and 
- A high Na+-so/ saline water, referred to as "natural 
saline mixture 'B.'" 
The characteristics of each are reviewed below: 
Natural Saline Mixtures "A": 
Natural saline mixtures "A" in the study area display 
the following characteristics: 
• Have Na';so,= weight ratios (>2.0) with sulfate 
' 
concentrations ranging from 20 to 200 mg/L \Page 55) 
• Have intermediate so4- /Cl- weight ratios 
(>.11 to <.5) (Page 58) 
• Typically natural saline mixtures "A" are limited to 
either deep wells (>200 feet in depth) or to wells located 
near a fluvial system 
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CONCLUSION 1 (continued): 
• Frequently have high concentrations of boron (>1000 ~g/L) 
and exhibit a good linear relationship between boron and 
chloride (Page 60) 
• Frequently have low concentrations of 
barium (<500 ~g/L) (Page 62) 
Natural Saline Mixtures "B": 
Natural saline mixtures "B" in the study area have the 
following characteristics: 
• At high Cl concentrations ( >500 mg/L), Br- /Cl- versus Cl-
mixing curves can be used to identify natural saline 
mixtures "B" (Page 50) 
• Have high so4-;cl- weight ratios (>1) (Page 58) 
• Have Na+/Cl- weight ratios of greater than 1.5 with low 
ca++;so4= weight ratios (<.38) (Pages 53 and 60) 
• Have high concentrations of boron (>1000 ~g/L) and 
exhibit a good linear relationship between boron and 
chloride (Page 60) 
• Typ1cally natural saline mixtures "B" are limited to 
either deep wells (>200 feet in depth) or to wells located 
near a fluvial system 
• Frequently display relatively high fluoride concentrations 
• Frequently display no detectable tritium concentrations 
• Frequently display relatively low bicarbonate concentrations 
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CONCLUSION 1 (continued): 
• Frequently have low concentrations 
of barlum (<100 ~g/L)(Page 62) 
Hennessey Group-Associated Water 
Some of the elevated chloride levels detected in the 
water analyses are related to the presence of the Hennessey 
Group and are referred to as "Hennessey waters." These 
Hennessey waters exhibit the following characteristics in 
the study unit: 
• Have so4=;cl- weight ratios >.36 (Page 58) 
• Have Nat/Cl- weight ratios of less than 1.5 or ca++/SO/ 
weight ratios >.38 (Pages 53 and 60) 
• Have Cat• concentrations between 7 5-300 mg/L and 
SO/ concentrations between 47-1000 mg/L (Page 60) 
• Hennessey waters are located in the western portion of 
the study unit where the Hennessey Group is present 
locally (Page 83) 
• Typically are from shallow wells (<200 feet in depth) 
• Frequently display linear relationships between 
H -Ca versus so4- (Page 60) 
Lit versus so4= (Page 64) 
Sr+t versus SO/ (Page 64) 
CONCLUSION 1 (continued): 
• Frequently have the following constituent concentrations: 
Boron between 100-600 ~giL (Page 60) 
Batt > 500 ~giL (Page 62) 
Cl- < 600 mgiL (Page 53) 
CONCLUSION 2: 
Several graphic relationships were derived to assist in 
the interpretation of the source of the elevated chloride 
concentrations in this study unit. It appears that the 
simplest and best graphic method to delineate if the higher 
chloride was derived from an oil brine rather than a non-oil 
brine source is the following graphic relationship: 
• Br- I SO/ versus Cl-
Other graphic relationships derived to assist in the 
determination of the source of the elevated chloride 
concentrations are: 
• Br- IS04- versus so4= ICl-
• Na+ICl- versus SO/ICl-
++ - - -• ca I so4- versus so4-1 cl 
CONCLUSION 3: 
Previously published multiple component plots can 
help to distinguish oil field brine contamination from non-
oil field brine contamination in the study unit: 
ca++I(Ca+++SO/) vs Na+I(Nat+Cl-) (Hounslow and Goff, 1991) 




When oil field brine or natural saline ground water "B" 
mixes with the fresh water of the Central Oklahoma aquifer, 
the previously documented natural softening process which 
typically occurs in the aquifer ceases and the process of 
reverse softening occurs. Typically, oil brine mixtures and 
natural saline mixtures "B" have less sodium relative to 
chloride than their respective end members. This suggests 
that sodium has been removed from these mixtures by reverse 
ion exchange. 
CONCLUSION 5: 
Agricultural activities might have contributed to the 
elevated chloride levels in a few cases. However, this 
source does not appear to be one of the primary causes of 
the high chloride concentrations in the waters of the 
Central Oklahoma aquifer. 
CONCLUSION 6: 
The dissolution of road salts does not appear to be a 
major source of the elevated chloride concentrations in the 
Central Oklahoma aquifer. This conclusion is supported by 
the fact that there is a lack of correlatable patterns 
between major highway systems, wells that exhibited 
increased chloride 1 evel s, and Br- I Cl- and Na +I Cl- ratios 
which would conform to road salt dissolution. 
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CONCLUSION 7: 
The elevated chloride concentration in analysis 73 
likely is the result of precipitation percolating through an 
abandoned oil field surface waste pit located in the 
immediate area. (See "Abandoned Oil Field Surface Waste Pit" 
section) 
CONCLUSION 8: 
A good correlation exists between the absence of 
detectable tritium and elevated fluoride concentrations. 
All of the reviewed analyses that have high concentrations 
of fluoride (>2 mg/L) lack detectable levels of tritium. 
Therefore, if tritium data is not available, a high fluoride 
concentration could be used to infer that no post-1952 
recharge waters are present in this portion of the Central 
Oklahoma aquifer. 
CONCLUSION 9: 
Several graphic relationships suggest that when oil 
field brines or natural saline ground waters "B" mix with 
the fresh waters of the Central Oklahoma aquifer, the 
mixtures become saturated with respect to gypsum, anhydrite, 
and barite resulting in the removal of sulfate and calcium 
or barium through precipitation. 
CONCLUSION 10: 
A more detailed study is required to identify the origin 
of the chloride in the Hennessey Group-associated water. 
REFERENCES 
Bahis, L.L., and Miller, M.R., 1975, Ground-water Seepage 
and Its Effects on Saline Soils: Bozeman, Montana State 
University Joint Water Resource Research Center Report, No. 
66, 39 p. 
Berg, W.A., Cail, C.R., Hungerford, D.M., Naney, J.W., and 
Sample, G.A., 1987, Saline Seep on Wheatland in Northwest 
Oklahoma, in Fairchild, D.M., ed., Ground Water Quality and 
Agricultural Practices: Lewis Publishers, Chelsea, Michigan, 
pages 265-272. 
Bingham, R. H., and Moore, R. L., 1975, Reconnaissance of 
the Water Resources of the Oklahoma City Quadrangle, Central 
Oklahoma, Hydrologic Atlas 4, Oklahoma Geological Survey, 4 
Sheets, Scale 1:250,000. 
Carr, J. E., and Marcher, J.S., 1977, Preliminary Appraisal 
of the Garber-Wellington Aquifer in Southern Logan and 
Northern Oklahoma Counties, Oklahoma: USGS Open File Report 
77-278, 23 p. 
Christenson S.C., 1992, Personal communication, USGS, 
Oklahoma City Office. Oklahoma. 
Christenson S.C., 1992, Geohydrology and Ground-water Flow 
Simulation of the Central Oklahoma Aquifer [Abs]: Presented 
at the conference "Ground Water Quality of the Central 
Oklahoma Aquifer," Oklahoma City, Oklahoma, February 20, 
1992. 
Christenson, S.C., Morton, R.B., and Mesander, B.A., 1990, 
Hydrologic Maps of the Central Oklahoma Aquifer, Oklahoma. 
Oklahoma City: USGS Open File Report 90-579. 
Christenson, Scott, and Rea, Alan, 1992, Ground-water 
Quality in the Oklahoma City Urban Area: Alley, W. M., ed., 
1992, Regional Ground Water Quality: Van Nostrand Reinhold, 
New York. 
Collins, A.G., 1975, Geochemistry of Oil Field Waters, New 
York: Elsevier Scientific Publishing Company. 
102 
103 
Fairchild, D.F., and Knox, R.C., "A Case Study of Off-Site 
Disposal Pits in McLoud, Oklahoma," Proceeding of the 
National Conference on Disposal of Drilling Wastes, May, 
1985, University of Oklahoma, Norman, Oklahoma, pp. 47-66. 
Ferree, D. M., Christenson, S. C., Rea, A. H, and Mesander, 
B. A., 1992, Ground Water Quality Assessment of the Central 
Oklahoma Aquifer, Oklahoma: Hydrologic and Water Quality 
Data, 1987-90, USGS open file report 92-641, p. 193. 
Fetter, C.W., 1988, Applied Hydrogeology, 2nd Edition: 
Merrill Publishing Company, Columbus, Ohio. 
Freeze, R.A. and Cherry, J.A., 1979, Groundwater: Prentice-
Hall, Inc., New Jersey, 604 p. 
Gatewood, L.E., 1970, Oklahoma City Field, Geology of Giant 
Petroleum Fields, page 223, 31 p. 
Harrington, John, and Simpson, Larry, 1990, Municipal Well 
Site Investigation - Nichols Hills Well Field, Association 
of Central Oklahoma Governments, Project # 900502. 
Hart. D.L., 1974, Reconnaissance of the Water Resources of 
the Ardmore and Sherman Quadrangles, Southern Oklahoma: 
Oklahoma Geological Survey Hydrologic Atlas 3, Scale 
1:250,000, 4 sheets. 
Hem, J.D., 1989, Study of Interpretation of the Chemical 
Characteristics of Natural Water, USGS - Water Supply Paper 
2254, 3rd Ed., 263 p. 
Hounslow, Arthur w., 1992, Personal communication, Oklahoma 
State University, OK. 
Hounslow, Arthur W. and Goff, Kelly D., 1991, WATEVAL - A 
Water Quality Evaluation Program. 
Johnson, K.S., 1993, Personal communication, Oklahoma State 
Geological Survey. 
Johnson, K.S., Brokaw, A.L., Gilbert, J.F., Saberian, A., 
Snow, R.H., and Walters, R.F., 1977, Summary Report on Salt 
Dissolution Review Meeting, March 29-30, 1977: Union Carbide 
Corporation, Nuclear Division, Office of Waste Isolation, 
Report Y/OWI/TM-31, 10 p. 
Johnson, K.S. and others, 1989, Geology of the Southern 
Midcontinent, Oklahoma Geological Survey, Special 
Publication 102. 
Jordan, L., and Vosburg, D.L., 1963, Permian Salt in the 
Anadarko Basin Oklahoma and Texas, Oklahoma Geological 
Survey, Bulletin 102. 
Kantrowitz, I.H., 1970, Ground water Resources in the 
Eastern Oswego River Basin, New York: State of New York 
Conservation Department, Water Resources Commission Basin 
Planning Report ORB-2. 
104 
Krauskopf, K.B., 1969, Introduction to Geochemistry: McGraw-
Hill Book Company, New York, 720 p. 
Leonard, A.R., and Ward, P.E., 1962, Use of Na/Cl Ratios to 
Distinguish Oil Field from Salt-spring Brines in Western 
Oklahoma: U.S. Geological Survey Professional Paper 450-B., 
pages B126-B127. 
Lindberg, F.A. 1 ed. 1 1987, Correlation of Stratigraphic 
Units of North American (COSUNA) Project, Texas-Oklahoma 
Tectonic Region: American Association of Petroleum 
Geologists, 1 sheet. 
Mast, V.A., 1982, The Use of Ionic Mixing Curves in 
Differentiating Oil-field Brines in a Fresh-water Aquifer: 
Presented at the American Waters Resource Association, The 
University of Texas at Austin, December 3, 1992. 
McBride, D. D., 1978, Hydrogeochemistry and Occurrence of 
Selenium in the Garber-Wellington Aquifer, Central Oklahoma, 
Master of Science Thesis, Okla. State University. 
Morton, Robert B., 1986, Effects of Brine on the Chemical 
Quality of Water in Parts of Creek, Lincoln, Okfuskee, 
Payne, Pottawatomie, and Seminole Counties, Oklahoma, 
Oklahoma Geological Survey Circular 89, 37 p. 
Nativ, Ronit, 1988, Hydrogeology and Hydrochemistry of the 
Ogallala Aquifer, Southern High Plains, Texas Panhandle and 
Eastern New Mexico: The University of Texas at Austin, 
Bureau of Economic Geology Report of Investigation 177, 
64 p. 
Neffendor, D.W., 1978, Statewide Saline Seep Survey of 
Texas: Master Thesis, Texas A&M University, 67 p. 
NIRS Data Base, 1991, Oklahoma State Geol. Survey. 
Oklahoma Historical Society, 1993, Personal commun1cation, 
Oklahoma City, OK. 
Oklahoma Water Resources Board, 1975 Salt Water Detection in 
the Cimarron Terrace, Oklahoma: U.S. Environmental 
Protection Agency. Office of Research and Development, 
Robert S. Kerr Environmental Research Laboratory, Report 
EPA-660/3-74-003, 100 p. 
Parkhurst, D.L., 1992, The Geochemical Evolution of Ground 
Waters in the Central Oklahoma Aquifer [Abs]: Presented at 
the conference ''Ground-water Quality of the Central Oklahoma 
Aquifer," Oklahoma City, Oklahoma, February 20, 1992. 
Parkhurst, D. L., and Christenson, S.C., and Schlottmann, J. 
L., 1989, Ground-water Quality Assessment of the Central 
Oklahoma Aquifer, Oklahoma - Analysis of Available Water-
Quality Data Through 1987. Oklahoma City: USGS Open File 
Report 88-728. 
Parkhurst, R. s., and Christenson, S.C., 1987, Selected 
Chemical Analyses of Water from Formations of Mesozoic and 
Paleozoic Age in Parts of Oklahoma, Northern Texas, and 
Union County, New Mexico. Oklahoma City: U.S. Geological 
Survey Water-Resources Investigations Report 86-4355. 
Richter, B.C., and Kreitler, C.W., 1991, Identification of 
Sources of Ground Water Salinization Using Geochemical 
Techniques, EPA/6002-91/064, 260 p. 
Richter, B.C., and Kreitler, C.W., 1986a, Geochemistry of 
Salt Water Beneath the Rolling Plains, North-Central Texas: 
Ground Water, v. 24, no. 6, pages 735-742. 
Richter, B.C., and Kreitler/ C.W. I 198Gb, Geochemistry of 
Salt-springs and Shallow Subsurface Brines in the Rolling 
Plains of Texas and Southwestern Oklahoma: The University of 
Texas at Austin, Bureau of Economic Geology Report of 
Investigations No. 155, 47 p. 
Schlottmann, J. L., and Funkhouser, R.A., 1991, Chemical 
Analyses of Water Samples and Geophysical Logs from Cored 
Test Holes Drilled in the Central Oklahoma Aquifer, 
Oklahoma. 
Scott, Thomas, Jr., 1988, A Geochemical and Isotopic Study 
of the Garber-Wellington Aquifer, Cleveland County, 
Oklahoma, Master of Science Thesis, University of Oklahoma. 
105 
Whittemore, D.O., 1988, Bromide as a Tracer in Ground Water 
Studies: Geochemistry and Analytical Determination: 
Proceedings of the Ground Water Geochemistry Conference, 
National Water Well Association, Page 339, 21 p. 
Whittemore, D.O., 1984, Geochemical Identification of 
Salinity Sources, in French, R.H., Salinity in Watercourses 
and Reservoirs: Proceedings of the 1983 International 
Symposium on State-of-the-Art Control of Salinity, Salt Lake 
City, Utah, pages 505-514. 
Wickersham, G., 1979. Ground Water Resources in the Southern 
Part of the Garber-Wellington Ground Water Basin - Cleveland 
and Southern Oklahoma Counties and Parts of Pottawatomie 
County, Oklahoma: OWRB Hydrologic Investigation Pub. #86. 
Wood. P.R., and Burton, L.C., 1968, Ground Water Resources 
in Cleveland and Oklahoma Counties, Oklahoma: Oklahoma Geol. 





CONSTITUENTS ANALYZED AND REPORTING LEVELS FOR 
EACH SAMPLING NETWORK 
108 
Appendix I 
From Ferree and others, 1992. 
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c.on.ti~t. ana.L.~ and r~ Lewt.. fvr each ~L'inQ netu:mc 
[,Nctvcwk: Ceoth-: fcochcaicot a&t..-k; Bedrock, Low-illlcaaity •-•Y • ..,Lt.,., ••drock "''hwrA:; 
Urban, tO'rfchd co.phllf W"bo11 ftctvn.t; Alllter, Low-lllc-ity •'"""•11 aoaph•f •"""'- aiWII 
tcrr11ce actvor.\:; X, aa.ptcd ,;,. e~C'f'l/ vcLL ia thia ftctvrrk; X, fCochcaicoL aetVO'f'k ch'f'o.iu. 
cLota We're p'r'Od~ccd ~\ftf Oft otoa\c abao~t\011 rroph\te /UY'ftOCe aethod .A\CA Aoa 0 'report\af 
Le~L of 1 PilL: I, for bedrock netuorA: veLLa, on£11 thoae rrcotc'f' thoa 800 feet deep we're 
oaaptcd fO'r J1 hydro1•• atut 1111 I oxyv•n hotop .. : •. cmty ac Lee ted a\ho were aftalyacd 
fO'r p\cLo'f'aa and dicaabo ,;,. the torfctcd aoapti•1 vrba. ftctVO'f'k; S, owLy \a aaapLcc AftaLyscd 
fO'r orfa•ophoaphorou. coap01.1ndc after Jonu0'f'11, Jli/10.; •C, dcrrcc• Ccbiua; JIS/t=-, aicrooieacu 
pc'r centiactc.,. ot 25 •c; Reportlnt lov•l: thcoc voluca 'f'Cp'rcacnt the •i•i.u. 'rcportinf vaLue 
frr the ae'thod uaed fo.,. cocA coutituent. 7'hc oct~L a\11i- 'rcprrt\af voLu1 frr -Y 1\vca 
conot\tue•t i• the 'r'CpO'f't a4Y 6e h\fhc'f' theft that vaLue if OftGLyiieoL eoad\tiono, at the tiae 
of anoLyaia, ve'f'c not ideaL. Pilat 'reprrftftf LevcLa(--1--) 'reflect 'f'epO'f'ti•l LeveL• fO'r 
acapL•• .ith apccific co..ductoftce Leaa thoa •.ooo pS/c•, ••d rrcotc'f' thoa a,ooo pS/c• 
'f'Upcct,;,.cty; •tiL, aiUirroaa , • .,. Lite.,.; pt/L, aiC'f'orraaa pe'r Litc'f'; pCI/L, p\cocV'f'ieo pe'r 
Lite.,.; Percent aodern, 0.7 prrcc•t, ..,. bette.,., aode.,.. c..,.•ow ot the ~0,000 ycO'f' •1•; ~oluo, 
deLta value; porall, ((iaotopc 'ratio in aaa,Lc aiftua 'ratio i• ata..cLord) divided~ ratio ia 
atGndO'f'd) .ultipLic~ by 1,000; POB, Pccdcc bcLcaftitc; SUOW, $t011clo'f'd Ucon Dcca. ••tcr; CDT, 
Cal'IVotl DiabLo T'f'oit\tc,· 000, 1, J-dichlo-ro-2,.1-ho (p-claLo-ropAcf\yL) ctlaGnc; DO£, 
diclaLorod\phcnvtdichlo'f'octhyLenc; DOT, diclaLO'f'odi~hcftvLt'f'ichLO'rocthGflc; PCB'o, 
poLvchLOT'\natcd biphc,.ytc; 2,4-<1. (•,4-dichLrro~hc"osy)-occtic acid; 2,4-0P, 
.t- (a, 4 -di ch L orophcno%JI) -propion \ c ac,; d (!)a- (.t ,4 -dich Lon~hcftOZ<JI) -p'ropOftOi c acid,· 2, 4, 5-T, 
•,.J,S·tr\chlorophcno:y-aectic acid. Synthetic orfonic cheaicot ftOa&a arc fyo. Meiatc.,., (J9BB).) 
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Conat I tuont 
Propert leo 
Spoclflc conductonce,(uS/c.) 
pH (standard unlto) 
Wator leaperoturo, (•C) 
II jll oxyv•n, , d I no 1 vad (•o/L) 
Hcrdntaa, total (-t/L oo colclu. corbonoto) 
Alkalinity, whole wotor, lncroaentol tltrotlon, 
fltld, total, (av/L ot colclua corbonot•) 
Dlaaolvod Solido 
Solldt, aua of conatltv•nta, dlaaol¥ed (at/L) 
l.lojor lone 
Colcl~. dlaool¥od (ag/L) 
Wo;noal~. dl•aolv•d (av/L) 
Sodlua, dl•aolved (av/L) 
Sodh•, p•rcont 
Potoealua, dlaaolved (•o/L) 
Blcorbonoto, wholo wotor, lncr•••ntol titration, field (•o/L) 
Carbonat•. whole water, lncreatntol titration, field (a;/L) 
Svlfoto, dleoolv•d (•v/L) 
Chlorld•, dleeolvod (a;/L) 
flvorld•, dlaeolvod (aQ/L) 
Bra.ldo, dlooolvod (•v/L) 
Slllco, dlooolvod (av/L) 
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G:msti-tuents -L,.ed t:lrld. .,.~ Ln~el.a 
fur ea.ch ~~Dr~PL-i.ng nen.o...lc-Cont lnued 
Conatltuent 
Nutrlenta 
Nitrite, dleaolved (•g/L oe nitrogen) 
Nitrite plua nitrate, dlaaolved (~g/L oa nitrogen) 
~onla, dleeolved (•g/L oa N) 
~onla plua organic nitrogen, dlaaolved (~g/L oa nitrogen) 
Phoaphoroua, orthophoaphate, dlaaolved (•g/L 01 phoaphoroua) 
Carbon 
Carbon, organic, dl1aolved (•g/L) 
Tree:• Ele~aenta 
Alu..lnu.., dlaaolved ~g/L~ 
Anll•ony, dlaaolved pg/L 
Arsenic, dlaaolved (pg/L) 
Borlu.., dl .. olved (pg/L) • 
Berylllun, dlaaolved (pg/L) 
Boron, dlaaolved ~g/L) 
Cod~alun, dlaaolve (P.g/L) • 
Chra..lu., dlaaolved (pg/L) (f~· 
Chra..lu.., hexavalent, dlsao ved (,Ug/L) 
Cobalt, dla•olved ~g/L~ 
Copper, dl1aolved pg/L 
Iron, dissolved ~g/L~ • 
Lead, d l .. o I ved pg/1. · 
Llthlun, dl1aolved ~g/L) 
Uongoneae, dlaaolve (,Ug/l) • 
Uercury, dlaaolved (pg/L) 
Uolybdenu.., dlaaolved (pg/L) 
Nickel, dlaaolved ~g/L) 
SeleniUII, dluolve (,Ug/L) • 
Sliver, dlaaolved (,Ug/L) 
Strontlua, dlaaolved {pg/L) 
Vonadlu., dlaaolved (pg/L) 
Zinc, dlaaolved {pg/L) • 
Radlonuclldea 
Cro11 alpha, dleeolved ~pCI/L oa 210thorlu.) 
Grou alpha, dlaaolved pg/L aa u-naturol~ 
Grou beta, dissolved ~pCI/L oa 117ceslun 
Gro11 beta, dl1eolved pCI/L oa ' 0 •trontlun/ 90 yttrlum) 
2''Rodlun, dleaolved ~pCI/L~ 
221Rodlu., dlaeolved pCI/L 
f22Rodlun, total (pCI/L) 
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Nttwoclr 
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" 0 1\ t level • e e • II r 
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X )( X fl.28 
X X )( 8.28 
)( X X 8.21 
)( X )( e.:r1 
X X )( 1.21 
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X X X 1.21 
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Ccn..e-Ltu.mt. -~ Cfti .. ~ L.n.oet.. ,_...a. ..... ~,.,.~"'""". 
Conot I luent 
RoolonuGII4oe--Cofttlnuo4 
Trltl~a, total {pCI/L) 
114 uronl~. dlooolvo4, (pCI/li 
ttSuronlu., 41oeolvod, fpCI/L 
tlturanlu., dleeolvo4, pCI/l 
Uraniu., natural, dlaoolvod ~t/L) 
hot op I c ltotloo 
14corbon, pereont aodorn 
l~leorban, 6-voluo rolotlvo to P08 (perMit) 
t ~droton, g::oluo rolotlve to SWOW (po~lll 
u;a o11ygon, o111o rotot lvo to SNOW (,.r•ll 
14/'ISIIIfllr, volllt rolot lvt to COT (po~ll) 
Volotllo Oroonlc C0111pou11do 
8on7ono, totol {pg/[) 
lroaobenzono, wholo water, total (pg/L) 
Bro.ofo~. totol (p9/L) 
ChtorobonJone, total ~t/1..) 
1,2-DichlorobonJene, toto! ~9/L) 
1,3-0ichlarobonzono, tolol Jlt/L~ 
1,4-0ichlorobentene, total ~9/L 
[thyl bonlono, total ~g/L) 
Corbontetrochlorldo, total ~i/L) 
Chlorofon~, totol ~t'L) 
Chloroethone, lolol 9/L) 
1,2-DibrOftoethone, whole wotor, total ~;/I.) 
1,1-Dichloroothono, total ~t/L) 
1,2-0ichloro•lhono, total v/L) 
1,1,1.2-Ttlrachloroothane, whole waltr, total (,Uv/L) 
1,1,2.2-htrochtorotthono, toto! (it/L) 
\,1,1-Trlchlotoolhono, total ~g/L 
1,1,2-Trlchloroothane, total 9/L 
1.2-Dichloroothono, wholt water, rocoveroblo {}'t/L) 
1,1-Dichloroothyl•n•, total (pg/L) 
Tetrachlora•thyleno, total ~9/l} 
Trichloroethylene, totol (pv/L) 
ChlotOdlbra.osethan•, toto! ~g/L) 
Dl~rOMostlhol\0, whole water. rocovorablo {pt/L) 
Olchlorooro.o.othono. total (~t/l) 
Plchloro41fluorosethono, total (Jit/L) 
Trlehlorofl11or~ethane, toto! (pg/L) 
Wathyl bto.ldo, totol ~t/L) 
Wethyl chloride, total {pt/L) 
Wethyleno chloride, total (,119/L) 
1.2-Dichloropropone, total (Jiv/L) 
lll 
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Con.rt'i. tuenu CD1AL yecct and .,..c,xn-t-tng Leue L. 
fur ea.ch -.mpL'i.ng nctuark--Cont lnued 
Conti I tuent 
Volatile Organic COMpoundt--contlnued 
1,3-0ichloropropone, whole water, total (pg/L) 
2,2-Dicloropropone, whole water. total (p9/L) 
1,2,3-Trlchloropropone, whole water, total ~~/l) 
1,1-Dichloropropene, whole water, total (Jig l 
cla-1,3-Dic:hloropropene, total (po/L) 
trone-1,3-0ic:hloroprapene, total (pg/L) 
Styrene, total ~g/L~ 
Toluene, total pg/L 
ortho-Chlorotoluene, whole water, total (pg/l) 
poro-Chiarotoluene, whole water, total (pg/l) 
VInyl chloride, total (pg/l) 
Xylene, total, whole water, total recoverable (pg/L) 
Carbonate lnaectlc:ldea 
Aldlc:orb, total (pg/L) 
Aldlcorb au I fane, total (pg/l) 
Aldlcorb aulfoxlde (pg/l) 
Corbofuron, total Cpg/L) 
3-Hydroxyc:orbofuron, total (Jig/L) 
Uethlocorb, total (pg/l) 
l.lethOOtyl, total {pg/L) 
1-411ophthol, total (P.g/L) 
Ox0111yl. total (}lg/L) 
ProphOft, total {,J!g/l) 
Propoxur, total ~g/L) 
Sevin, total (pg l) 
Organochlorine COOtpounda 
AldrIn, total {pg/l) 
Chlordane, total (pg/L) 
DOD, total ~g/L~ 
DOE, total g/L 
DOT, total pg/L 
Dieldrin, total (pg/L) 
Endoaulfon, total ~g/L) 
Endrln, total (pg/L 
Heptachlor, total (pg/L) 
Heptachlor epoxlde, total (pg/L) 
Lindane, total (pg/L) 
... elhoxychlor, total (pg/L) 
loll rex, toto I ~g/l~ 
PCB'•• total g/l 
Nophtholenea, polychlorinated (pg/l) 
Perthone, total (pg/L) 
Toxaphene, total (Jlg/l) 
Not work 
c B u A 
e e r I 
0 d b I 
c 0 ~ 
h 0 n I 




X X X 
X X X 
X X X 
X X X 
$ $ $ 
X X X 
$ $ $ 
X X X 
X X X 
X X X 
X X X 
X X X 
X X X 
$ $ $ 
X X X 
X X X 
X X X 
X X X 
X X X 
X X X 
X X X 
X X X 
X X X 
X X X 
X X X 
X X X 
X X X 
X X X 
X X X 
X X X 
X X X 
X X X 
X X X 
X X X 
X X X 
X X X 
Reporting 
level 
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C::m.rt1.~t.s Gr14Lyeed and 'reporting LeveLs 
for eo.ch. SCin'fl L 'i.ng netluork-Con I I nued 
Conatftuent 
Chlorophenoxy Acid Morblcidet, with Olc~ba ond Pfclor~ 
8.81 Ofc~ba, total (pg/L) 
8.81 Plclor~. total (pg/L) 
8.81 Sllvex, total ()lg/L) 
8.81 2 , 4-D, t o I a I ()l g/L) 
8.81 2, 4-0P, I o I a I (}lg/L) 
8.81 2,4,5-T. total ()lg/L) 
Orgonophoaphocua lnsectlcldoa 
8.81 Dof, total (pg/l) 
8.81 0 I o z I non, tot a I (jJg/L) 
8.81 Olauf foton, toto I (pg/L) 
8.81 Ethlon, total (jJg/L) 
8.81 Trlthlon, total (pg/L) 
8.81 I.Colothlon, total (pg/L) 
8.81 I.Cethyl parathion, total (pg/L) 
8.81 I.C~thyl tclthlon, total (pg/L) 
8.81 Parathion, total (pg/L) 
8.81 Phoroto, total (pg/L) 
Trlozlnes and Other Nltrogen-cantolnlng Herbicides 
8.18 Alachlor, total recoverable ()Jg/L) 
8.18 Anetryn•. total ~g/L~ 
8.18 Atrazln•. total ~g/l 
8.1 Br~oc:ll, total pg/L 
8.1 Butoc:hlar, total (,Ug/L) 
8.1 Butylate, total ~g/L) 
8.1 Carboxln, total ~g/L~ 
8.18 Cyanozlne total ~g/L 
e. 1 Cycloote, total pg/L 
8.1 DlphenOftfd, total ~g/L~ 
8.1 Mexazlnlne, total pg/l 
8.1 I.Cetolochlor, whole water, total rec:ovoroble 8!g/L) 
8.1 I.Cetrlbuzlne, whole water, total recoverable p.g/L) 
e. 1 Pr~etone, total ()lg/L) 
e.1 Pronetcyne, total ~g/L~ 
e., Propochlor, total pg/L 
e.1e Propaz I ne. tat o I (pg/l) 
8.18 SIIIIOZine, total (f!g/l) 
e.1 Si111otryne, total (pg/L) 
8.1 Terbocll, total (p.g/l) 
e.te Trl f luralin, total recoverable (pg/L) 
e.1 Vernoiote, total (}lg/L) 
:..l3 
APPENDIX B 
SUMMARY OF NRIS DATA FOR OIL AND GAS WELLS IN 
LINCOLN, LOGAN, AND OKLAHOMA COUNTIES WITH 
KEY TRACE ELEMENTS AS CONSTITUENTS 
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Well Loc. rng/L mg/L 
31-17n-4e 194800 9 45 0 
33-16n--4w 119331 15298 
5-19n-2w 245451 18551 
29-19n--4w 239107 17189 
32-20-4w 254424 20500 
20-11n-2w 222825 15866 
3-11n-3w 251960 12667 
21-14n-2w 229524 1468 7 
APPRNDIX 8 
SUMMARY OF EHRIS DATA FOR OIL AND GAS WELLS 
IN LINCOLN. LOGAN. AND O~LAHOMA COUNTIES 
WITH ~EY TRACE ELRMENTS AS CONSTITUENTS 
County Poraation Well Naae 
Lincoln Checkerboard W. Ag Cleve. sd Unite #2 
Logzm Miss. Lime Lucille Ill 
Logan Cleveland Bulling "A" Ill 
Logan Layton Cromer 111 
Logan Cleveland Mahler Ill 
Oklahoma Pure Prosperity Acres 11 1 
Oklllhoma Wilcox Bisbee II' 
Oklllhoma Wilcox Walnut Grove 112 
Mg Na ~ HC03 S04 Cl Br 
mg/L mg/L mg/L mg/L mg/L mg/L rng/L 
3105 61000 160 24 0 120500 330 
0 54300 713 0 267 126468 702 
970 61000 361 183 262 161426 877 
2315 44550 400 0 182 171839 771 
4740 49100 682 0 658 175450 973 
2310 50050 535 0 362 152307 34 
4635 89400 957 0 0 142400 554 
1465 67650 885 31 220 141825 541 










1765 so no 















































Appendix III: Graphs of NRIS trace element data versus Cl 
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Graphs of NRIS trace element data versus Cl - continued 
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Graphs of NRIS trace element data versus Cl - continued 
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ANALYSES OF 42 WELL "WORK SET" AND END MEMBER DATA 
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NATURAL SALINE WATER -"A" 
NATIJRAL SALINE WATER -"A" 
NATURAL SALINE WATER -"A" 
NATURAL SALINE WATER -"A" 
NATURAL SALINE WATER -"A" 
NATURAL SALINE WATER -"A" 
NATIJRAL SALINE WATER -"A" 
NATl.'P-AL SALINE WATER -"A" 
NATURAL SALINE WATER -"A" 
NATURAL SALINE WATER -"A" 
NATURAL SALINE WATER -"A" 
NATIJRAL SALINE WATER -"A·' 
NATURA:. SALINE WATER - "B" 
NATURAL SALINE WATER -"B" 
NATURAL SALINE WATER -"B" 
















!--I.ENNESSEY WA TEP. 
CCRE HCLE 'JNMIXEr:· 5~ 
OORE HOLE UNMIXED SAL 






MEAN FRESH WATER 
A:. = Aliuv1um 
TF .:: Terrace 
SP = Salt Plalns 
G~ = Garbe~-We~llngton 
WI Wel:~ngtcr. format1on 


























































































































































































































































































ANALYSES OF 42 WEll "lo.CRK SET" AND END MEMBER DATA - czr..7"JNUE£' 
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ANALYSES OF 42 WELL "IoCR!< SEi" AND END MEMBER D.O.TA - a:NTIJVI/U' 
Oxygen Hardness .O.lKal1n1ty Sum of 
D1ssolved as ~C03 as CaC04 Const1t 
Caic1um H~gnes1um Sod1um Pot~ss1ure B1carbonete 





















































































































































































































































































































































































ANALYSES OF 4Z WEI.:. "WORK SF:"" A1'.1l END MEMBER DATA .. CD'.':'INUET 
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0 0 130. 
12 72 0 
0 6 3 0 
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N1tr1te + Amm • 
N1trate Ammon1~ Crgan1c 
as N as N ~s N 
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